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FINAL REPORT
on

MOLECULAR INTERACTIONS WITH MANY-BODY
PERTURBATION THEORY

to
\ AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
from

BATTELLE LABORATORIES
COLUMBUS, OHIO

I.  INTRODUCTION

In a wide variety of Air Force applications, highly detailed information
(1-3)*

about atoms, molecules, and their interactions is required. This infor-

mation is necessary in problems ranging from chemical laser development, to the
detection and identification of rocket plumes, to metal clustering and aerosol
formations, and even to nuclear weapons effects.(1’3)

Probably the most crucial component needed to understand molecular reactions
is the potential energy surfaces that serve to describe the attractions among

(1)

the atoms and molecules. However, such information is not easy to obtain.

A certain amount of information about the molecular forces near equilibrium in

a bound molecule is available from spectroscopy. Some information about the
potential energy surface even in the absence of binding can be provided from

crossed molecular-beam experiments. But, in general, potential energy surfaces

are not amendable to experimental determination. Instead, other types of ex-

perimental observations such as kinetics experiments, coupled with very simple
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theoretical models for a surface, are used to infer pieces of information about
the parameters of the mdydel such as what the activation barrier might be.

The most direct approach to obtaining detailed information about a potential
energy surface is offered by predictive, ab initio quantum mechanical calculations.
However, to make it feasible to calculate accurate energy surfaces for molecules,
much better and more computationally efficient methods must still be developed.

One such approach, namely many-body perturbation theory (MBPT)(4'15) and
(11,16-20)

its infinite-order extensions termed coupled-cluster methods (CCM)

offer a number of attractive features that the more traditional configuration

interaction approaches 1ack.(21) Under AFOSR support at Battelle's Columbus
Laboratories, very efficient computer codes to perform MBPT/CCM calculations

were written and employed for the first time in large-scale ab initio calculations
of potential energy surfaces.(jl’ZI) The successes of this effort have been
substantial. These include the determination of a complete force-field for the
H20 molecule, including all force-constants through fourth-order, that is suf-
ficiently accurate that once improved experiments were carried out after our
calculations, many of the previously accepted values for the force constants

were revised to be more consistent with our predictions.(zz) Also, a study of

the binding energies of the molecules BZHG*ZBH3, H3BNH3+BH3+NH3, and H3BCO+BH3+CO
was made that predict these binding energies to within 1 kcal/mole of the accepted
experiments for diborane and borane carbonyl, and make a prediction in the case

(14)

of borazane in the absence of an experiment. Earlier experiments which

gave much higher values for the binding energies of diborane and borane carbonyl

than we computed are now completely discounted. Similar successes with studies

of the isomerication energy and activation barrier of HNC*HCN.(23)

(25)

and CH3NC*:H3CN,
(4
(24) the photo-dissociation of formaldehyde, and various studies of methanol,

methoxy, and the formyl radica](zs) attest to the reliability of our MBPT/CCM

methods.
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Building upon this work supported by the AFQSR, at Battelle, we carried
out extensive studies of the potential energy surface for the two inelastic
collisions, 0(3P) + H20 and 0(3P) + C02, under contract to the Air Force Rocket
Propulsion Laboratory, for the purpose of obtaining vibrational excitation cross-
sections that are needed in actual detection devices.(27)

Despite the many successes we have had, there are still categories of prob-
blems that cannot yet be attacked by MBPT/CCM. These include studies of most
excited states, reactions that break multiple bonds, and applications to various

(21)

kinds of open-shell molecules. To satisfy these additional requirements
it is necessary to simultaneously develop the formal theory, write additional
computer programs, and continue to make landmark applications of our developing
quantum mechanical technology. Although in many cases the formal theory is
less dramatic than the applications, the continual extension of the theory has
a greater impact on our ability to calculate accurate energy surfaces for what-
ever categories of problems might emerge from the needs of the Air Force.
Consistent with this objective, much of our work has been devoted to formal
theory. This includes, the derivation of the coupled-cluster single and double
excitation model (CCSD)(ZB), optimization of orbitals within the coupled-cluster
framework,-(zg) and developing additional mathematical technigues to efficiently
solve the nonlinear coupled-cluster equations.(30) Additional applications to a
variety of problems have also been accomplished.
In the following, Section II discusses the research objectives of this
grant, and summarizes some of the notable accomplishments made in the past three
years under our AFQOSR grant at Battelle's Columbus Laboratories.

In Section IJ]I we discuss some of the research directions that work in

MBPT/CCM should take in the future.




Section IV lists the publications and presentations which were supported

' by our three-year grant with AFOSR.

[I. REVIEW OF RESEARCH ACCOMPLISHMENTS

Three years ago, when this grant was initiated, we proposed the following
overall objectives:
1) Develop new, more accurate and more efficient ab initio quantum
mechanical methods based upon MBPT and CCM for determining molecular

properties, and particularly, potential energy surfaces for molecular

interactions.

2) Implement these methods in highly efficient, transportable computer

codes, to enable computations on potential energy surfaces to be made

on an almost routine basis.
3) Apply these techniques to a variety of problems that are of interest ;
to AFOSR, and that serve to establish the range of accuracy for MBPT ,
and CCM methods. 1
In line with these objectives a number of firsts have been accomplished in
this program. Highlights are reported in the annual reports of 1979 and 1980,
but we will attempt to summarize some of these accomplishments together with
those of the past year in this final report. The achievements in this project
have been reported in Z0 published papers and 30 presentations including
invited lectures at most of the principal international guantum chemistry
meetings. These are listed in Section IV,

Some of the principal accomplishments over the three-years of this grant

include the following:

A. The first general purpose implementation of the infinite-order coupled-

cluster double excitation model (CCD) was made and applied to a number
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of prob]ems.(ZT’zz’za) Unlike CI methods, which for practical reasons
are usually restricted to single and double excitations, CCD properly
includes the important effect of quadruple excitations into a molecular
calculation.

The first complete derivation and implementation of the coupled-
cluster single and double excitation model (CCSD) has been made and
initial applications recently submitted for publication.(28) The ccsD
wavefunction, eT1+T2 [¢0>, includes all effects of single excitations

and the disconnected triple excitation terms such as T TZ’ and the

1
quartic, Tl4 terms. This model will be used as the framework for a

new approach to chemical bonding using localized orbitals where,

unlike SCF orbitals, T1 will not necessarily be small. Since CCSD is
equivalent to full CI for the chemically important problem of separated,
non-interacting electron pair bonds, we expect this model to be a very
interesting study in our future work.

Both the infinite-order CCD and CCSD models have been extensively

app]ied(21'27) in their truncated fourth-order form, termed DQ-MBPT(4) and

SDQ-MBPT(4), when S, D, and Q refer to all single, double, and qua-

druple excitation MBPT diagrams that occur through fourth-order in !
the energy. These models have been justified by showing excellent
convergence to CCD and CCSD in all cases where SCF orbitals are used

and no quasi-degeneracies are encountéréd(ZI).

In other work involving the theory, we have considered orbital op-

timization within the coupled cluster doubles model, developing a

quadratically convergent scheme.(zg) In future work, we intend to

optimize the orbitals for the CCSD model.
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We have studied the isomerization reactions, HNC+HCN, LiNC-LiCN,
and BNC*BCN&Z%L3NC+CH3CN§24%xperiments exist for the first and last
isomerization, while we predict the other values. In tne first case,
our result of 15 #+ 2 kcal/mole was in disaqreement with a recent ex-

(31)

periment that obtained 10 kcal/mole.” “le published a paper claiming

the experiment was in erroK?3)Recent1y, ' Hehre in unpublished work
has performed an ion cyclotron resonance experiment which obtains
14.8 + 2 kcal/mole vindicating our prediction. In the case of the
isomerization of methyl isocyanide our prediction of 22.7 kcal/mole

is in excellent agreement with an experimental value of 23.7 obtained

(32)

by Pritchard's group in Canada.

We have made a very thorough study of the three lowest electronic

1 1

surfaces (X“A', a 3A“, and 5 A") for HNO H+NO this past yea#?3)HN0 is

a molecule common to many flame and plume species. The emission of

A"
HNO(AIA")+HNO(X1A') is responsible for the observed red emission in
the reaction of H(ZS) with NO(2H). Geometries for all these states

are obtained providing excellent agreement with experiment (within

N
1ot and A2a" states, while predicting the

3

0.02A and 2°) for the X
structure of HNO in the a”A" state in the absence of experiment.
Excitation energies for the two excited states and recombinaticn
rates for the H+NO-HNO reactions are also obtained.(33)

The first application of CCD to a potential energy surface was our
determination of the quartic force field for Hzogzzin this work we
reported all force constants, made extensive comparisons with CI and
with different MBPT models. Our predictions for some of the higher-
order force constants differed sufficiently that Hoy and Bunker re-

interpreted the infra-red data using a more flexible treatment of *he




bending mode{34%n almost every case their revised force constants were
in better agreement with our prediction.
l H. Two thorough studies of the formyl radical, HCO, and its potential
energy surface for the unimolecular decomposition HCO -H+CO, transition
i states, heats of formation, geometries, and activation barriers have
been reported.(26)
I. This year, we had the opportunity to participate in a very informative
‘ comparison between MBPT/CCM and full CI. Full Cl refers to including
all possible n-tuple excitations within a basis set for a molecule.
Because of the enormous number of configurations generated by the CI
method, such a solution is impossible for anything but the simplest
problems. Saxe, Schaeffer, and Handy in a notable achievement have
obtained the full CI within a double-zeta basis set for HZO.(ES)
This calculatior used over 250,000 configura*ions, and required about
six hours on a CDC 7600. Using our CCD mode: which includes double-,
quadruple-, and most of the eifects of higher-even ordered excitations
and adding in the fourth-order single and triple excitation contributions,
we obtained a result within 0.2 kcal/mole of the full CI. OQur calcu-
lations, however, reguiredonly 30 seconds on a CDC 7600. Although this
is an ideal system for our methods, it is an indication of the high
degree of efficiency attainable by many-body methods.(3b) (See raview
paper on MBPT/CCM written for Annual Reviews of Physical Chemistry for

a discussion [36].)

J. The structure and thermochemistry for the highly unusual psuedo tri-

e L B

halogen free radical HIF has been obtained. In experiments of Yuan

(37)

| Lee and coworkers , this radical is found to be bound by 30 kcal/mole

relative to IF + H, but its structure is completely unknown, without
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even any evidence whether the molecule is HIF, HFI, or IHF. Also, it
is not known experimentally whether or not it is linear. We have pre-
dicted its structure using MBPT/CCM and effective potentials to account

(38) The molecule is found to

for the chemically inert electrons in I,
be bent, having a bond angle of 137° with I in the center. The IF and
HI bond lengths are stretched very slightly (0.1-0.2R) from the cor-
responding bond lengths of the diatomic molecules, IF and BI. We
predict a binding energy of 25 kcal/mole for decomposition to IF + H,

in very good agreement with experiment.

The reduced linear equation method developed for solving coupled cluster
equations has been generalized by investigating a least-squares solution

19
to the psuedo-linear CCM prob]em.('“>

Comparisons between standard configuration iteraction based methods
l1ike MCSCF, truncated CI, and full CI with MBPT/CCM methods for the
insertion of Be into H2 have been initiated. Even though this system
has some very severe degeneracy problems, our initial results suggest
that a single reference function CCD result can describe this insertion
process adequately. The system is also serving as a vehicle to illus-
trate the orbital optimized CCD method.

The decomposition of formaldehyde, HZCO, to radical and molecular pro-
ducts and its rearrangement to hydroxycarbene has been studied.(zs)

This problem is of substantial experimental interest because of formal-
dehyde's prominence in combustion/plume processes. The activation
barriers and heats of reactions have been obtained. In the latter

case, agreement with experiment is within + 2 kcal/mole. The activation
(39)

barrier predictions support the CI results of Goddard and Schaetfer

that would suggest a tunneling mechanism for HZCO*H2+CO.
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A series of detailed comparisons of various MBPT models with CCD for

the C, N, and 0 atoms and the H20, NH3, and CH4 molecules have been made
this year.(ZI) These comparisons, plus a number of others we have

made, suggest that the infinite-order CCD results differ insignificantly
from the fourth-order model, DQ-MBPT(4), for most normal cases.(21)
This supports the predictions of the less expensive fourth-order model

for larger molecules.

The first all-electron ab initio coupled-cluster and MBPT calculations

of benzene were made last year. This work demonstrates that a molecule
of this size has at least a 20 percent error in its correlation energy

(40)

due to the neglect of CI type quadruple excitations. This emphasizes
the importance of using methods 1ike MBPT/CCM that properly include

such higher order excitation effects if reliable quantum mechanical
calculations are to be possible for larger molecules.

An investigation of the long-standing discrepancies in the experimental
binding energies of the rocket fuel components, 28H3*82H6, BH3+C0*H3BCO,
and BH3+NH3->H3BNH3 has been made with MBPT{]4*he binding energies of

the first two are in exceptional agreement ( ~1 kcal/mole) with the

Tower set of experimental values, discounting the larger binding energies

obtained from other experiments. The value of borazane of 30 kcal/mole

is a prediction in the absence of any experiment.
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I1I. FUTURE RESEARCH DIRECTIONS

Over the duration of this grant, MBPT/CCM relative to a single reference
function has been shown to be a quite efficient, accurate method for ab initio
calculations of molecular properties. Numerous studies of dissociation
energies, molecular geometries, and force constants have attributed to this
fact, as highlighted in the previous section.

MBPT/CCM relative to a single reference function is not universally ap-
plicable, however. The difficulty does not lie with MBPT/CCM but rather the
limitation to a single reference function. In our work we have chosen to use
an unrestricted Hartree-Fock (UHF) function to permit the description of open-
shells and to correctly separate a molecule into open-shell fragments. This
seems to work reliably in many open-shell cases of high multiplicity and when
breaking a single bond, but the correct dissociation of multiply bcnded species
is more difficult to describe.

This fact is illustrated by our studies of the Nz potential curve dis-

cussed in Appendix A. The ground state of N2 is 1

Zg+, but a restricted
Hartree-Fock reference function cannot separate correctly. A UHF function can,
but it suffers from spin-contamination since the spin quantum number is not
conserved. This is particularly bad for a singlet state, since all higher
multiplicities will contaminate the lower state. Consequently, as N2 disso-
ciates, instead of a unit multiplicity, the multiplicity is much higher (~3.5)
attributing to the high degree of contamination. This contamination causes

an incorrect behavior in the UHF description of the region where N2 starts tg
dissociate that subsequent correlation corrections with MBPT/CCM cannot cor-
rect. To che contrary, there are few observed problems in studying potential

enerqgy surfaces for such open-shell species as HCO, HNO, CH3O, and O(3P)+H20,

with UHF + MBPT/CCM, since all are higher multiplicities- and do not suffer
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from the same degree of spin contamination.

There are potentially three solutions to the problem of dissociation of
multiply bonded molecules Tike N2. The first, and simplest, would be to find
a way to annihilate the spin contamination from UHF + MBPT/CCM. If a conve-
nient prescription could be developed, this may well give a pragmatic solution
of high utility.

The other two possible solutions really amount to the same thing since
each introduces additional correlation corrections into the calculations, but
proceed from two different directions. Either one can retain the single refer-
ence function and attempt to introduce the additional higher-order correction
required to provide correct dissociations such as coupled cluster single,
double, triple, etc. excitations (CCSDT...), or one could employ multiple re-
ference functions which should not require as hiagh an order treatment of the
remainder of the corrections. The last approach is the most pervasive, but
also requires the most development to obtain a theory that is convenient com-
putationally and generally applicable. Also, the so-called aquasi-degenerate
forms of the multi-reference approach suffer from serious problems with intruder
states, perhaps suggesting that a fixed linear combination of reference func-
tions might be a preferable starting point.

The second approach using a sinale reference but a high degree of corre-
lation has been applied by us to the very different problem of the insertion
of Be into H2 (see Appendix B)}. This problem has the near degeneracy of the
2s and 2p orbitals of Be as well as the degeneracy encountered when the H2
tond is broken, where the Ic 2 2

g
tant. This system is small enough that we were able to calculate the full CI

and 10u configurations become equally imoor-

(i.e. all possible configurations) solution which is the best possible solution

for the problem. The CCSD results, even relative to a single reference function




that is far from dominant in the full CI, is essentially indistinguishable from the
full Cl. This study emphasizes the flexibility and stability of the infinite-
order coupled cluster model even when a high degree of degeneracy is present.
For more complicated problems, however, perhaps multiple-reference approaches will
be the only solution.

A new development which will occupy us within the future year is the consid-
eration of particular classes of non-SCF reference functions in MBPT/CCM, SCF

reference functions provide a convenient dichotomy of the energy for a molecule

into the SCF part and the electron correlation effect, which is recovered by MBPT/

E b CCM. For most problems SCF theory (at least in the unrestricted form) offers a

‘ good unperturbed approximation., Using such a function also offers a number of
simplifications since all nonvanishing correlation corrections are exclusively

‘ of two-electron type. However, SCF theory has the deficiency that the canonical

l SCF solutions are delocalized over the entire molecule. For larger molecules,

it would be useful if the orbitals were more local zed since many of the two-

electron intergrals, (aB|ys), would essentially vanish for charge distributions
aR and v& that are adequately separated, as well as if the two orbitals in the
distribution are in different regions of tre molecule. The reduction in the
number of nonzerc integrals for a problem can have a drastic effect on the compu-

ter time required for the perturbation calculations for large molecules as well

as offering a more conceptually appealing separation into units related to electron-
pair bonds.

Using non-SCF reference functions raises the question how high an order in
perturbation theory is required to recover the same quality of result as in SCF-
based calculational methods. Also, it is necessary to add to the computer codes

all the additional one-electron perturbation that using and SCF reference function

eliminates. In the coming year we hope to begin to answer some of these questions.




Another area that we intend to start to investigate is the theory
for the prediction of excited-state potentiai-energy surfaces by using eguation-
of-motion and related techniques buiit upon a MBPT/CCM ground states reference
functicn. This is a very new direction for this project, tut one that offars
excellent prospects for providing excitad state surfaces, wnich are frequently
important in classes of plume and combustion problems. As a benus, such an

aporoach shouid eventually enable us to obtain electronic excitation spectra.

Thne fundamental idez is that for the wavefunciion

we consider a secand operator, I, such that

where 93 is scme axcited state. Another clusstar corerazor is z 20ssihi

- : S . L .
Tor, L, such as 2 = e . from the Schrodinger ecualion,
H‘I = E 1
"0 T %0 Yo
and
Hy, = B,
i i
Houw, = E.2 .
S0 UO :.1 uo

Left multiplying the first equation by 2, we have
[H,a] Yo = AEQwo .

The CC wavefunction vy may be obtained in the usual way, while a set of

equations for @ may be derived frem the equation-of-motion.

-
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In addition to the development of the theory along the lines indicated
above, it is still important to pursue some applications to problems illus-

trating the theory at different levels with particular regard for ~~mparisons

with CI, full CI when possible, and some MCSCF results. We are .1terested in a

variety of systems like interhalogen flame species. In particular, the unusual

molecule HCF is found to be a chemiluminescence product of combustion involving

combinations of interhalogen and hydrocarbon fuels, as may be impcrtant in rock-
et plumes. We intend to investigate the ground state energy surface for this
molecule. Other cateqgories of molecules to be studied will be largely determined
by examples that are useful to illustrate the theory.

He intend to continue investigating these possibilities in our future stud-

ies at the University of Florida, Quantum Theory Project.

nd s i
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Presentations (1981)

R.,J. Bartlett, "Vibrational Excitation Cross Sections for 0(3P) + H,0 and
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Quantum Thgory of Matter, March 9, 1981.

R. J. Bartlett, "Molecular Applications of Many-Body Methods," Department of
Chemistry, University of Florida, Gainesville, Florida, March 16, 1981.

R. J. Bartlett, "Molecular Applications of Many-Body Methods," Department of
Chemistry, Guelph University, Guelph, Ontario, Canada, March 27, 1981.

R. J. Bartlett, "Molecular Applications of Many-Body Methods," Department of
Chemistry, Michigan Technological University, Houghton, Michigan, April 6, 1981.
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Materials,” invited speaker, Workshop on Fundamental Research Direction for the
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R. J. Bartlett, "Multireference Many-Body Methods for Potential Energy Surfaces,"
invited speaker, NRCC Sponsored meeting in Perturbation Theory, Seattlie, WA,
July 7, 1981.

G. D. Purvis, “"Computational Implementation of the Coupled-Cluster Model,"
invited speaker, NRCC Sponsored meeting on Perturbation Theory, Seattle, WA, E |
July 7, 1981.

Presentations (1980)

R. J. Bartlett, "Potential Energy Surfaces with Many-Body Methods" invited
speaker, Canadian Theoretical Chemistry Conference, June 17, 1980.

R. J. Bartlett, "Many-Body Methods and Their Molecular Applications," invited
speaker, New York Academy of Sciences Conference on Quantum Chemistry in the
Biomedical Sciences, New York, June 2, 1980.

R. J. Bartlett, "Molecular Applications of Many-Body Perturbation Theory and
Coupled Cluster Methods," Argonne National Laboratory, Argonne, IL, January, 1980.

Excitation Cross-Sections for 0(3 P) Colliding with H 0 and C0,," JANNAF Workshop
on High Altitude Rocket Plumes, Colorado Springs, CO Novembe; 1980.

G. D. Purvis, "Orbital Optimization and Reduced Partitioning Method Within
Coupled Cluster Theory, "Sanibel Symposium on the Quantum Theory of Matter,

\ l R. J. Bartlett, "First-Principle,Theoretical Predictions of Vibrational
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R. J. Bartiett, "Molecular Applications c¥ Ccupled-Cluster and Mzny-2ody ¢
Perturbation Methods", invited talk, Nobel Symposium on Many-3ccy Theory, ‘
Lerum, Sweden, June 11, 1979. :

“lett, "Accurate Applications of Carrela
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2. J. Bartlett, "Coupied Cluster Thecry, Many-Zody Perturtazticn Thecryv and

Their Molecular Appiicaticns", Chio Un.vafslt,, Athens, Ohio, May &, 1¢7%
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Abstract

Molecular applications of coupled cluster and many-body perturbation
methods. Rodney J. Bartlett and George D. Purvis I (Battelle Columbus
Laboratories, 305 King Avenue, Columbus, Ohio 43201, U.S.A).

Physica Scripta (Sweden) 21. 255-265. 1980.

A series of molecular applications of many-body perturbation theory
(MBPT) and the coupled-cluster doubles (CCD) model are described.
Even though these methods have been available for sometime, only
recently have large scale, MBPT molecular calculations become available.
In the case of CCD. the results presented here are among the first ob-
tained from a general purpose ab initio program. The intention of this
paper is to present an overview ol the current state of the many-body
approach to ground state properties of molecules. The properties studied
are correlation energies. including contributions from single, double, and
quadruple excitations diagrams in tourth-and higher-order; dissociation
energies: potential energy surfaces; and molecular polarizabilities and
hy perpolarizabilities. Exampies are taken trom studies of a variety of
molecules including HF, H,0, HCO. C,H,, B,H,. (0., and N, . In
many cases, it is found that quanturtatively accurate dissociation energies,
geometries, and force constants can be obtained. In an illustration of the
X' £ potential energy curve of N, it is shown that 4 single UHF or RHF
reference function MBPT/CCD approach is inadequate at some inter-
nuclear separation,

1. Introduction

Many-body (diagrammatic) perturbation theory (MBPT) basi-
cally dates back to Brueckner's papers [1.2] of 1955 and
Goldstone’s proof of the linked-diagram theorem in 1957 {3].
Its roots include the work of Moeller and Plesset in 1934 {41,
and ultimately, of course, Rayleigh-Schrodinger perturbation
theory [5]. The applications to atoms orginated in Kelly's
work in 1963 [6]. with subsequent applications by Das and co-
workers [7].

Coupled cluster methods (CCM), developed by Coester and
Kummel [8, 9] in 1958- 1960, and in a form useful for quan-
tum chemistry by Cizek. Paldus. and co-workers [10-13] can
be viewed as a closed-form set ot equations which may be used
tu sum certain categories ot many-body diagrams to all orders
[t4]. This has the advantage that order dependence is removed
from the computation, and that certain invariance properties are
present that would not normally apply to a finite-order method.
(Within the standard MBPT framework. infinite-order sum-
mations of parts of diagrams are also frequently summed to all
orders. primarily by denominator modifications. but not
generally enure categories of diagrams. See. however, {13} and
ft6]

The signiticance of MBPT/CCM and the linked-diagram
theorem tor chemistry has several facets. Primary among these is
the concept borrowed trom thermodynamics of ‘“size-
extensivity”™ [14]. The term indicates the proper dependence
ot the energy or density matnix on the size ot a homogeneous

system, and is a necessary result of the exclusion of “unlinked™
diagrams. A consequence of a size-extensive mudel 1s that tor u
group of .V noninteracting H; motecules. £(VH,). = VE(H,)
and p(AH.) = Vp(H,). Since mn a first approximation a com-
plicated molecule can be viewed as a group of approximately
noninteracting electron pair bonds like in H, . it1s apparent that
the size-extensive property should be maintained as the theory
is developed for larger and larger molecules. A truncated Cl
such as SD-CI (all single and double excitations from u reference
determinant) dves not have this property since 1t retamns un-
linked diagram contributions. For SD-CI £(VH.) varnies as the
\/.F\?A

Another consequence of size-extensivity for chemistry s that
for a reaction consisting of closed-shell species. A + B~ C=~ D,
the heat of the reaction is given by AH,.,, = AH(C) ~AH,
(D) - AH (A) — AH(B). This seems like an almost trivial
result, however, it the heats of formation ot the species were
obtained by SD-CI. this simple addition is not enurely justtied.
In the SD-CI case. one would prefer to obtain the heat of re-
action by performing “super-molecule” caleulations of the two
sides of the reaction with A and B and C and D innnuely sar
apart to partially account for the size-nextensivity. If AH, s
obtained by MBPT/CCM. however. a table of theoretical results
tor individual species may he used just as the experimental
values are employed.

Although superficially similar, the correct dependence of the
energy on the size of a system is a ditferent properiy than
correct separation of a molecule into its fragments. The latter
property has sometimes been called “size-consistency ™ by Pople
and co-workers [17.18]. That is for any molecule AB. 1
method is said to be size-consistent if the predicted energes
satisty E}ég) = F{A)+ E(B). where A and B may be vpen-

or closed shell species. It is apparent that it the linked-diagram
expansion 1s not truncated or. equivalently i g 1ull-Cl calcu-
lation 15 made. then even with 3 single deternmunant rererenc
function, size-consistency s 2uaranteed The ambizuity retween
“size-consistency” defined as correct separation and size-
extensivity ", occurs when a truncated expansion 1s emploved. as
Is necessary in any practical method.

The truncation ot the expansion togesher with the assump-

A

tion of a single determinant reference function. forees a Jis-
tinction between closed-shell molecules separating mnto closed.
shell tragments and  closedsshell molecuies separating mio
opensshell fragments. due to the nature of the restiicted
Hartree - Fock (RHE)Y reference function (or any suigie deter-
minant composed ot Joubly-occupred orbials that reflects the
point group ssmmetry of the mojecule ).

It closed-shell molecules separate into closed-stieli fagments,
an RHE tunction s a0 proper reference tunction for ait anter-
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nuclear separations. For this case, any approximation to the
linked-diagram expansion for the energy that evaluates an
entire diagram (1.e., not just the “diagonal” part of the diagram,
for example because of possibie invanance problems [26]) 1s
sizeextensive and size consistent. Hence, EinH, ) =nE£(H,).
Ek\l_g,) = 2E(Mg), and E&Bski,) = 2E(BH,), etc. {Note. the
defimtion of size~consistency or correct separation only pertains
to the energy. not the wavetunction where stmuitaneous double
exciations on the varous fragments are necessary even in the
closed-shell case.)

However, when separation of the closed-shell molecule into
open-shell fragments 1s requured, such as in Ny or H,, the RHF
reference function for the molecule does not change smoothly
into a single determinant RHF function for each of the trag-
ments. but, instead. will normally go to an ionic form. A” and
B™. Consequently. there is no single determinant RHF reference
function to employv for the open-shell tragment in a consistent
MBPT 'CCM calculation to investigate whether £(AB) = £(A) ~
E(B). If the level of the truncated MBPT/CCM eﬁﬁa’r’ision is high
enough, even though the RHF reference tunction is separating
incorrectly. the correlation corrections are sometimes sufficient
to still provide a3 good potential curve at large intermolecular
separations [32]. but more frequently, it is necessary to require
that the reference function should also separate correctly.

To retain the simpiicity of a single determinant reference
function for separation into open-shell fragments, one must
normally resort to the (spin and spatially) unrestricted Hartree-
Fock (UHF) type reference function. (Sometimes different
possible UHF functions will converge to different separated
atom limits, however. so care should be exercised.) Since the
UHF function will normallv converge to an RHF function for
closed-shell molecules near equilibrium, the UHF function will
often provide a reasonably smooth reference determinant as a
function of R (see Section 5 for a contrary example), but once
a bifurcation into separate RHF and UHF functions occurs. a
linked-diagram expansion can be evaluated with two reference
functions. By definition, both of these calculations are size-
extensive since only linked-diagrams are evaluated. but oniy
one of these two calculations would permit correct separation,
or size-consistency. Hence, a single determinant reference
MBPT/CCM calculation normally requires 3 UHF function to
be both size-extensive and size-consistent, and heats of reaction
with open-shell components can be computed accordingly.

A more thorough solution to the ambiguity between correct
separation and the prover dependence on the size of 1 system,
requires an open-shell MBPT/CCM approach [36-38], since a
multi-determinant reference space is usually required to
guarantee cotrect separation in a truncated expansion.

The property of size-extensivity in a theoretical model, then,
is simply a consequence of a more proper treatment of quad-
ruple and higher CI excitations in molecular applications [14,
19. 20]. These excitations are responsible for the cancellation
of unlinked diagrams. Thus a statement that size-extensivity is
important is simply a statement that quadruple (predominantly |
and higher CI excitations are important.

These higher-excitation etfects are handled in two stages in
many-body methods [14. 19]. The first stage consists of incor-
porating higher-excitation effects to eliminate the unliked dia-
grams in the theory. Thus, any approximation to the linked-
diagram theorem benefits implicity from this feature. The
second stage comes where higher order CI excitations like quad-
ruple type Cii®g). are further decomposed into 3 more physi-
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cally saustying set of components, partrcularly 1,2 T3 o
which represent two-stmultaneous double excitations [20] . By
establishung that this term out of five consututes the pre-
dominant quadruple excitation contribution, for closed-sheil
molecuies, tar more tractable methods for including most of the
effects of quadruple excitations are possible than within the
standard CI framework [14].

In Cl. multi-reference function technigues that would in-
clude all single and double excitations out of the reference
determinants would introduce excitations which are four-foid
relative to a single determinant, and as such. would presumably
contain the most important higher excitation etfects. Such a
method. although not rigorously size-extensive, probably would
have this property to a high-degree of accuracy.

From the foregoing, it is apparent that MBPT.CCM has much
to offer in molecular probiems. However. to explout this fact in
practice, 1t 1s presently necessary to use conventional finite basis
sets of Slater type orbitals (STO) or contracted Gaussian tvpe
(CGTO). This is a consequence of the muiticenter nature of
molecular charge distributions. The few attempts to use one-
center expansion techniques for molecules containing a heavy
center. which permut numencal calculations as in atoms. met
with very limited success [21.22]. Hence. for more generl
molecular environments, basis set expansions centered at varicus
atoms in 3 molecule sull remawn necessary. Thus MBPT CCM
approach has been pursued oy Robo (23], Bartleit and co-
workers [14. 15,19, 20. 24, 25-31] , and now by several 2roups
[17,32-34] . The use of basis sets introduces an ;nherent error
in the calculations, but an error that all pracucai guantum
chemical methods share. The ulumate answer obtainable in a
basis set is the “full” CI. Thus. th¢ goal of any basis set method
is to approach as ciosely as possible o this resuit. The advan-
tages of MBPT CCM for including umportant effects of hugher
excitations suggest that MBPT 'CCM has promuse of converzing
more quickly toward the full CI result than other technicues.

In the following, we attempt to »r¢ 1de an overview of the
current state of MBPT CCM studies of molecular svsiems. Many
of the results reported are new while some partcuiariy
illuminating applications made by vur 2roup have apreared zise-
where [19, 23, 28, 29]. After a brief discussion of MBPT CCM
in Section 2. in Section 3. we study the extent of the corre.
lation energy obtainabie in a standard quality basis set and e
contribution from the different orders of perturbauon theory .
Emphasis is placed on the importance of quadrupie excizations.
In Section 34 the prediction of dissociation energes with MBPT
is discussed. Section 3 describes MBPT CCM arpiications 0
potential energy surfaces. with some companscns with the
SD-CI model. Section 6 Jescribes MBPT appiications to other
properties than the energy. This includes results from the Jirs
correlated study of molecular hyperpolarizabilities [35].

2. Summary of many-body methods

A fairly complete discussion of MBPT. CCM and their relation-
ship to CI has been given elsewhere [14]. Consequeniiv. the
present section will be limited to only a few basic equations :n
order to define some terms.

In MBPT the energy is given by the linked-diagram exgansion
[3].
AL = E~Ey = E| +Ecorr =

-

= N by i V(Ey —Ho) ' V)M b, ()

n=Q
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Fig. | Annsymmetrized Goldstone diagrams (ASGDs) through fourth
vrder MBPT. A Hartree-Fouck reference state is assumed. Orders are dis-
tinguished by the number of Jdashed horizontal interacton lines. Particle
(o4 and hole () states are represented by downward and upward directed
fine swgments, respectively The exatation level of a diagram is dis-
tingwished by the number of p—/ pawrs intersected by an imaginary
central horizontal line. In this manner the diagrams have been labeled and
counted as contributions to the correlation energy arising from single (S),
double (D), trple + Ty, and quadruple QY excitations types.

For the purpose of this paper. &, is the single determinant SCF
result tor a nondegenerate wround state.

The Hamiltonian. Hy. is the sum ot one-electron Fock
operators and £y is the sum of the SCF orbital energies. so that
Egcr = Ey + E,. The perturhation is V' =H — H,. where H is
the usual electrostatic Hamiltoman. and the subscript L indi-
cates the limitation to linked diagrams. All the diagrams (assum-
ing antisymmetrized vertice:) that need to be considered through
fourth-order are shown in Fig. 1. For purposes of discussion.
these diagrams are characterized by the number of particle lines
occurring in intermediate vertices mto single, double. triple. and
quadruple excitation types. The models are thus defined in the
form SDQ-MBPT [4] which means all single. double, and
quadruple excitation diagrams through fourth order in the
energy. From the onset. finite basis sets are assumed, hence the
SCF equations are understood to be valid in a matrix sense.

For open-shell atoms and molecules. ®q is chosen to be the
unrestricted Hartree-Fock (UHF )-SCF resuit. where relaxation
of spin and spatial symmetry is permitted. The UHF solution
will normally converge to the restricted { RHF) solution, which
maintains spin and spatial symmetry. for gound state, closed-
shell molecules. and away from the separated atom limit. For
many examples RHF or UHF functions provide a reasonable
starting point for a correlated method. but when this is not
possible, such as when more than one determinant would be
heavily weighted. it is necessary to use multireference function
based methods [36-38]. In our work. the spin-multiplicity tor
a UHF based correlation calculation is monitored to provide
evidence that the appropriate spin state is being described.
Although it is better to treat open-shell problems with muiti-
reference function techniques. the greater complications in-
volved in these methods makes the UHF approach an attractive
intermediate level techmque that though not of universal
applicahility. is of wide applicability.

The Rayleigh-Schrodinger perturbation theory (RSPT) ex-
pression for A s [3] .

AL = _V_ by V(£ —Hy) "POV —AF)|" by 2)
nagQ
P is the projector onto the space orthogonal to b, which, n
this case. represents the space of all Cl excitattons from b,
Equation (2) 1s equal order-by-order with the linked-diagram
expansion. eq. (1), 1f the CI excitation space 15 not truncated.
However, 1f £ s represented bv only double-excitations trom
by, then eq. (2) will converge to the D-CI solution whien re-
tains unlinked diagrams. This should be contrasted with eq. (1),
where the cancellations of all unlinked-diagrams has already
been achieved by permitting mixing between double and higher
excitations. This cancellation 1s responsible for the size ex-
tensivity and the particular utility ot the linked-diagram
expansion.

As long as g is the SCF result. the second- and third-order
terms 1n eq. {2) are determined solely by Cl double excitation
and there is no difference between RSPT und MBPT. In the
fourth order. in addition to double excitations, there are single.
triple and quadruple excitatons contributions. It i at this order
that the difference between a truncated CI (or RSPT) und un
MBPT model can occur. If £ is linuted 1o double excitations,
eq. (2) gives the tourth-order approximation to D-CI. which re-
tains unhnked. size-inextensive terms. To the contrary. the sum
of the Jouble excitation diagrams shown in Fig. 1 1s a different.
size-extensive approximation. On the other hand. if double and
quadruple excitations are both included in P. then the fourth-
order energy obtained is the same as the sum of double and
quadiuple excitation diagrams. or DQ-RSPT(4) = DQ-MBPT(4).

The coupled cluster method (CCM) {R-14] may be viewed as
a way to sum certain categories ot MBPT Jdiagrams ro all orders
and this also ofters a somewhat different physical insight than
Cl or MBPT.

For a cluster operator. 7. one considers the wuvefunction
[8-14.20].

ﬁ/cc = Cr‘po [RY]

with T separated into one-body. two-body . ete., cluster
contributions,
T=T|*T:"‘7’3"... 4+
The various parts of T are assumed to he represented in the
occupation number representation with the coefficient to be
determined by the coupled-cluster equations.

For the example of CI quadruple excitations, Cy by, from the
exponenual operatorin eq. (3). we have the correspondence that

Co =Ty =1 2T3 =TT~ 1 25T, + 1 21T (%)
This. 1 etfect. provides a decomposition ot Cl quadruple exqi-
tations into five perhaps more physically meanmgtul com-
ponents. T3 in a sense corresponds 1o two simultaneous inter-
actions of two electrons, while T, tends to represent a true
four-body interaction {20]. Since the Hamiltoman we are
considering has no more than two-body interactions, the T
contribution would appear to be far more important ‘han T
for most closed-shell problems. This is supported by pertur-
bation theory, where it may be shown thar all fourth-order
quadruple excitation contributions come from 7i with T,
heginning to contribute in the fifth-order energy [14]. The se-
maining terms contain f', which isadenucally zero tor Brueckner
orbitals, and normully found to be relatively unimportant tor
closed-shell systems even tfor SCF orbitals. As a conseguence.
the first reasonable coupled cluster approximation (coupled
cluster doubles, CCD) has the form [10-13]
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“’CCD = er=;¢°) (6)

By projecting HW¥ccp onto the space of double excitations.
one obtains the nonhinear equations of CCD. which have the
general icrm [13]

Taye, +T dyntyte = (M
i ik

The coetficients a;, di;x, and u are simply combinations of
molecular integrals while the {f;} are 1o be determined. The
equations are independent of the energy which 1s an indication
of the underlying dependence of CCD on the linked-diagram
theorem. A second inportant consequence is that the CCD
method allows one (o include the predominant effect or quad-
ruple. sextuple, etc., CI excitations within a tractable compu-
tational scheme. while in the traditional Cl method, a distine-
tion between the different components of Cq,Cq. . . .15 not
possible.

In the present work, these nonlinear equations are solved
iteratively. The first two iterations of the linear part of the
equations provide the second-, third-, and fourth-order double
excitation diagrams of Fig. 1 [14], while the first iteration of the
nonlinear part of the equations (following a single linear iter-
ation) provides the tourth-order quadruple excitation diagrams
shown in Fig. 1 [14]. The remaining iterations of these
2quations are not easily reiated to an order-by-order pertur-
bation approach. The CCD result is given as the converged
solution of this procedure. (Note that many solutions of the
CCD equations are, in principle. possible [39-41], but
assuming normal convergence, the lowest solution should be
obtained from this procedure.)

3. Correlation energies for atoms and molecules

At the present state of development of molecular theory. as
contrasted with atomic theory, the use of cunventional atomic

orbital basis sets centered at the various atoms or other speci-
tied locations in 1 molecule. remains a necessity. Some progress
in numerical methods 10r molecuics s occurning [42] hut these
Jdevelopments are hikely to he tou slow tu eliminate the neec
for basis sets for Juite some ume. As such. it is perunen: to
Jevelop information about what mught be expected from
MBPT CCM caiculations with a size of basis set that can reason-
ibly pe used for a number of chemucally wnteresting problems.
The use of basis sets also means that the »est possible answer s
given by the “tull” CI result whose agreement with experiment
15 3 function of the calibre of the basis set.

In Tables | and Il results are shown for some atoms and
molecules at the level of a good but standard contracteu
Gaussian type orbital (CGTO) basis set. For C. N, and O the
basis consists of Dunning’s 3s3p contraction [43] of Huzinaga's
primitive 9s3p set [44]  augmented by ad-polanzation funcren.
For H, the functions consist of Dunning’s 3s contractions with
a p-polarization funcuon. The 4 and p exponents are given eise-
where [29]. From Table III. 17 is found that thus (5s3pid ‘3stp)
basis is capable of providing about 00-70% of the total corre-
lation energy. and 70-80% of the valence shell correlator
energy (i.e., neglecting the K-shell electrons on C. N. ind O).
In actual values this amounts to an error from about 0.02
Hartree up to as much as 0.20 Hartree. The error due to the
basis set at the SCF level is about 0.02 Hartree for Hy O and CO.
and 0.04 Hartree for CO;. However, in chemistry, all problems
involve energy differences, and. in general. much of the basis set
error will cancel to enable more reliable predictions than might
be expected based upon the accuracy of the absolute energies.
(See Sections 4 and 5).

The perturbation energies listed in Tables I and I all refer o0
the standard Moeller-Plesset (MP) splitung of the Hamilionian
with SCF (or V™) (6] orbitals being used for the occupied and
excited one-particie states. It is apparent that the second-order
energy provides the predominant correlation correction. In

Table 1. Energies computed by SCF{UHF ), fourth-order MBPT for single, double, and quadruple diagrams. and the coupled cius:er-
doubles approximation. Basis sets are (531 ). (All energies in Hartree a.u. )

Atoms Escr E, E, £$ ED EQ ESDQ DQ-MBPT(4)  CCD

cep) —37.68913 —007450 —0.01540 —0.00020 —0.00467 +0.00113 —0.00374 —0.09345 —0.094 31
25+ 1) 3.0042 3.0022 e 3.0019 3.0010
N(*S) —54.39827 —0.09754 —001396 —0.00014 —0.00281 ~0.00119 —000176 —0.11325 -0.11319
25+ 1 4.0027 4.0016 -9 4.001 1 40007
orp) —74.80698 —0.13552 —0.00965 —0.00038 —0.00228 -0.00123 —000143 014623 —0.14994
(25~ 1) 3.0039 3.0021 -a 3.0013 3.0008

¢ Contribution of single excitation diagrams to (2§ + 1) is not included.

Table 1. Energies computed by SCF, fourth-order MBPT for single. double, and quadruple excitation diagrams. ind the coupled
cluster-doubles approximation. Basis sets are {531/31). (All energies in Hartree a.u.)

Molecule  Escr E, E, ES EDP iR E£3DQ DQ-MBPT(4) CCD

H,0¢ —76.04784 —0.24111  —0.00369 —0.00148 —0.00388 ~2.00216 ~—0.00319 —0.24651 —0.246 66
NH, ® —56.20934 —0.22010 —001161 —0.00119 —0.00425 «000235 —0.00259 —0.23311 —0.23340
CH, € —40.20659 —-0.18980 —0.01969 —0.00097 —0.00489 +00029¢ -0.00292 —~0.21143 —a21
co, 9 — 18768591 —0.52001  +0.02053 —0.01177 —0.01336 ~-0.00886 —001627 —0.50398 —25040]
co* —112.76733  —0.30982  +0.00492 —0.00692 —0.00998 +0.00490 ~-0.01200 —0.30997 —3.30949

{Rop = 1.808b, 9 = 102.4%). All electrons correlated.
(Ryg = 1.92b, 9 = 107.3%). All electrons correlated.

(Rco = 2.207b). K-shell electrons are not correlated.
tRco = 2.132b). K-shell electrons are not correlated.

a
b
: (Rcy = 2.065b, 9 = 104.28%). All electrons correlated.
e
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Table Ul Correlation energies Jetermined by MBPT and CCID methods. Percentage of correlation energy obtamed is given i

parenthests

All electrons Valence electronst

SDO MBPT(4) CCcD FXP? SDO MBPT4) cCo [XpE-©
. —~1.0936 (637} —0.0948 1647) - 0149 0HN761 1797 S O773481 ) — 1) 096
N - 0.1134 1637 - 0.1132637) 0.181 (10949 (757 00937 (787 -0.127
0 — 1.1466 (60'7) —-0.1499 (617) —0.245 S .1274 0687 01307 (70 1 1%6
CH, —=0.21244727) —0.2118(727) -~ 0.293 - 10.1929¢817) - 01933817 - 1240
NH, —0.23434700) — 0.23341697) ~0.334 —0.21701787%) 0.2161 (777 - 4. 280
H.O —0.2480 1687) —0.2467 (687%) —~0.365 - 10.22974¢75%) —0.2284757) - 1396
CO - - - 0.530 —03169176'7) - 0.3097 (747 -8
€O, - - ~0.863 —0.5158(75%) —~0.5040 4737 - 9692

4 The valence correlation energy is computed for CO and CO, by freezing the core electrons. For other cases. the second-order panr correlations
ivolving the s pair are subtracted from the net correlation energy given by the method. to obtain a valence correlation estimate

and relativistue corrections.,

Reference [39]. Also JANAF Thermochemical Tables, National Bureau of Standards. All correlation energies are corrected for zero-point vibration

€ Valence shell correlation energies are obtained from the experimental values by subtracting the Is®. KK and KL shell contributions 1o the corredanion
obtained by R. K. Nesbet, Phys. Rev. 175, 2 11968). tor the He isoelectronic sequence.

some cases, such as CO and CO, where multiple bonds are in-
volved, second-order can even somewhat over-estimate the
intinite-order CCD energy. Note, however, that with the MP
sphitting, second-order is usually surprisingly close to the CCD
result, and as a consequence, is probably a fairly reasonable
tirst estimate ot the basis set limit.

Alternatively, if the excited-orbitals are determined within a
PN7Y potential [6] tie.. a unity transfromation of the ex-
cited orbital space) [24. 30, 45, 36] . or denominator shifts (6)
are used to define a different splitting of the Hamiltonian (e.g..
the Epstein-Nesbet partitioning {47]). much lower second-order
energies are obtained [13]. In many such cases these energies
are close to the “cxperimental™ correlation energy. but since the
basis set limit is the only valid objective of the calculation, and
since a different separanion of the Hamiltonian or a unitary
transformation among the excited orbitals cannot change this
ultimate result, these modifications will also make the third-
and higher-order energies larger to offset the large overestimate
in second-order. Since for most finite basis sets the unmoditied
MP gerturbation series seems fairly well-behaved it seems to be
preferable. Once CCD or some similar infinite-order result is
obtained, there is. of course. no difference and. in fact. this
invariance is essentially achieved in low-order {15. 30].

There is some question whether the perturbation series
would have the same observed behaviour if one actually had the
~true”” V'V and V™! excited orbitals as opposed to their pro-
jection onto a limited space. This. of course. is closer to the
situation where numerical solutions are obtained as is the case
in atomic calculations. In such calculations. the V¥~ potential
is alsu a useful aid in performing the numerical integrations
since the excited orbitals are constrained from being as diftuse
as VY orbitals [6].

For the open-shell atoms in Table I a UHF reference function
is employed. Consequently these solutions are not an eigen-
function of spin. The multiplicity computed from the transition
state formula, (by;S? W), where W is the appropriate correlated
wavefunction are also given. In each case the UHF function is a
good approximation to the spin state with additional improve-
ment obtained from higher-order perturbation corrections. By
monitoring the multiplicity in this manner for open-shell cases.
one can be contident that the errors due to spin contamination
are not too great, In some cases, particularly for singlet states

where a UHF function is emploved to achieve correct separation
at large internuclear distances to open-shell fragments te.g.. N
as discussed in Section 3) spin contamination 15 somerimes
observed to be quite large suggestng that a UHF based approach
is inappropriate.

In fourth-ouder. in addition to the contributions from single.
double. and quadruple excitation diagrams given in Tables | and
I1. there are the 1o antisy mmetized triple excitauion Jdiagrams
shown in Fig. 1. Unlike all other diagrams in Fig. 1 and the
infinite-order CCD model. whose dependence on the number of
basis functions is €.V these diagrams have an V™ dependence.
This makes it impractical to include these terms without u44-
ditional simplifications. Judaing from the fact that the individual
components of £5P9Q have about the same vrder of magnitude,
one expects that the triple excitanion terms would also be shout
the same size. Furthermore, these terms are negatwe. Hence, the
fourth-order contribution shown is actually an upper hound 1o
the fuil fourth-order result. One hopes. however. that the
fourth-order triple-excitation terms will have 2 relatvely small
effect on energy differences and may he safely neglected. This
is not true for some cases [48]. however. and should be
investigared.

Even with the triple excitation diagrams neglected. £3PQ
usually is about the same magnitude as £5. and can be {arger.
This is partially due to the inclusion of new types of excitation
diagrams, but even the fourth-order double exciation part.
EP may frequently have a larger magmiude than £y(= FP,
This would seem to imply an asymptouc behaviour o the
perturbation series that could be 4 problem. However, the
CCD model tends 1o support the validity of the tourth-order
approximation. In CCD one is summing all double exatation
diagrams to alt orders and all the linked quadruple exartation
energy diagrams that arise from the disconnected wave function
component 1.2T3{dy) plus their mutual coupling [14]. Since
this is done in an iterative fashion. convergence to the CCD
result is observed. From Tables 1 and IT it is turther apparent
that DQ-MBPT(4) and CCD are usually quite close.

The near coincidence of DQ-MBPT(4) and CCD s fwrther
illustrated in Fig. 2. where a plot of the differences between the
two approximations is shown for a wide vanety ot molecules
at their equilibrium geometry. Since chemical accuracy
normally thought to be ~ 1 keal mole™ (0.043 e\ there 15
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Fig. 2. Wustration of the difference in the energy obtained by DQ-
MBPT(4) and CCD for a number of molecules. In the cases where a moi-
ecule is listed twice, a different basis set is used. In ail cases the basis sets
are at least of double-zeta plus polarization quaiity.

little tnaccuracy in using the DQ-MBPT(4) model most of the
time. At geometries where the theory is less satisfactory, such as
N: at some distance beyond equilibrium where a single deter-
minant reference function is inadequate, a difference of
~ 30 kcal mole™! is observed with the CCD result being superior
[49]. Since the single excitation terms in fourth-order are not
insignificant. one hopes that the SDQ-MBPT(4) results will
also be similarly close to results obtained from a CCSD model
tie.. veesp = el: T [Py 2.

From the foregoing, it is apparent that the quadruple ex-
citation contributions can be handled within MBPT/CCM. The
next logical question is their effect on the correlation energy.
The magnitude of this effect may be assessed by considering the
difference between the almost coincident CCD or DQ-MBPT(4)
energies and the energy obtained by D-CIl. Some of these
results are shown in Table IV. [Except for H.O in the STO
basis set where we have done the all doubles CI calculations.
the VPD-CI(2) model [14] is used for D-CI. This is a variational-
perturbation approximation to D-CI that is correct through
fifth-order in the energy. In all cases shown here, the VPD-
CI(2) results should be within about a percent of the D-CI
correlation energy (for H,O VPD-CI(2) gives 99.9% of D-CI

Table IV. Effect of quadruple excitations in C/

energy) which is sufficient to make a qualitative assessment of
the importance of the quadruple excitations on the energy.|

The molecules in Table IV are arranged by the number of
electrons that are being correlated. From size-extensivity
arguments based upon noninteracting electron pawrs. one
expects the importance of the quadruple excitation contri-
butions to roughly increase with the number of electron pairs.
Other factors, such as the extent of localization. quality of basis
set, etc., also affect this trend, but this is basically what 1s
observed from the present exampies. The double-zeta basis set
used for benzene is not capable of achieving a lot of correlation.
but a surprisingly large effect is stll observed. Overall, the error
due to neglecting quadruple excitations in CI still amounts 0
+20% of the correlation energy even for relatively small
molecules. In Section 5. :t will be demonstrated that even an
effect of 4% due to quadruple excnations. can sull have 3
definite influence on the accuracy of a potenual energy surface
[19]. As a consequence, it is frequently unjusufied 10 negiect
such higher excitations in Cl. and either many-body methods or
multi-reference based Cl schemes, that would include the more
important quadruple excitations as double-excitations from
doubly excited reference determinants, should be encouraged.

In table 5 several MBPT/'CCD .alculations are shown for
H,0 in different sized basis sets. It is apparent that the principal
effect of the basis on the correlation energy occurs in second
order. The next largest effect is at the SCF levei. with third and
higher-order being affected by the choice of basis set only at the
millihartree (0.63 kcal mole™") level. In fact, after second-order.
there is little to choose between a good CGTO basis and a quite
complete STO basis set. This is largely due to the fact that the
STO basis in this case correlates the core electrons much betzer
than does the CGTO basis. but the higher-order terms are
primarily valence correlation contributions. In the case of H.O
good convergence is obtained even for the smail (4s2p:1s) basis.
but for N,. for example. convergence is much better in a
larger basis set.

[(VPD-CI(2))-DQ-MBPT(41)}

Percent error in

(Kcal/mole) correlation energy
H,O (5s3p1d/3s1p) CGTO 6.2 4.0
H,0? (5s4p2d/3s1p) STO 7.6 4.2
B.H,% (452p1d/2s1p) CGTO 104 6.2
COP® (5s3p1d) CGTO 12.7 6.5
HCN® 1452p1d/2s1p) CGTO 14.9 8.2
€0,% i553p1d) CGTO 29.2 9.0
CH,CN? (4s2p1d/251p) CGTO 30.5 11.0
C H,” (452p/25) CGTO 63.6 19.6

3 D—Cl is used for comparison in this example.
® Core electrons are frozen in these examples.

Table V. Basis set effect on components of the correlation energy of H.,O. (il energies in Hartree a.u. j

Basis EscF E, E, ES ED EQ ESDQ DQ-MBPT41  CCD

(452p/ 25 A CGTO —76.0093 —0.1378  —0.0021 —0.0009 ~0.0030 —0.0008 —0.0047 —0.1437 —0.1340
i5s3p1d 2Py CGTO  —76.0478  —0.2411  —0.0037 ~0.0015 —00039 = 0.0022 —0.0032 —0.2463 — 02487
(Ss4p2d/3s1pi® STO  —76.0642 —0.2818  —0.0032 —~0.0020 —0.0043 -0.0032 —00031 —0.2861 —0.2802

(Estimated SCF Limit — 76.0675)

1Estimated correlation enz2rgy — 2 3700

¢ Dunning double-zeta basis set {43]. The resuits tor the valence shell correlation energy in this basis through fourth-order have been reporied in {347
5 Slater type orbital basis set of [S1}. These results have been reported in [19].
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4. Dissociation energies

As discussed in the introduction, one of the primary advantages
of many-body methods is their size-extensivity property. This
property is a consequence of eliminating all unlinked diagrams
in the energy. This feature has the corollary, that the dissociation
of closed-shetl molecules into closed-shell fragments s also

size-consistent in Pople’s detinition, that is i lim E(AB) =
AB ”=

E(A) + E(B). It open-shell fragments are involved, then in the
case of a single determinant reference function, a UHF function
is usually necessary to ensure correct separation. This imposes
a second requirement in addition to using the linked-diagram
theorem to obtarn size-extensive gnd size-consistent dissociation
to open-shell fragments.

Several thermochemistry results obtained by our group
[25. 28. 291 are listed in Table VI. In all reactions except the
decomposition of HCO, closed-shell species are separating into
closed-shell fragments. Except tor the isomerization enecrgy of
HNC, it s apparent that the agreement with experiment is
excellent. In fact, the calculations are sutficiendly accurate that
we question the experimental value for HNC = HON rearrange-
ment which will be the subject of another communication [30].

The basis sets used in these calculations are double zeta
augmented by polarization functtons (tor HCO a somewhat
larger basis is used.) At this level 60-70 tunctions are required

to study the borane containmng molecules and the methyl
isocyanide rearrangement. These. along with our studies of
molecular hyperpolarizabihues [35]. are the largest basis MBPT
calculations wiuch have been made. As mentioned 1n Sectjon 2,
even though good basis sets sull pernut large errors in absulute
energies, energy differences can be expected 1o be much better.
This 1s dlustrated by the results of Table VI Of course . the best
results would be expected when the fewest bonds are broken.

In Table VII are computed the dissociation energies for the
molecules in Table Il obtained tor decomposition to theur
atomic consutuents. The errors in this case vary from ~ 20 o
~80kcal mole™ . or about 5-20%. These are compared with
resuits obtained trom the VPD-Cli2) method. Even though the
VPD-Cl method is not sizeextensive, and one would normally
prefer to obtain dissociation energies in such a CI model by
doing a super-molecule calculation for the separated species. the
differences 1n the computed dissociation energies are not that
much poorer than that obtained by the various mans-body
models. Agreement may be further improved by converaing to
the D-Cl result.

5. Potential energy surfaces

The next important question to pose about many-body methuds
is their reliability for potential energy surfaces. Just as in the

Table V1. Comparison of thermochemistry results obtained by SCF and MBPT with experiment [ All basis sets are (4s2pld Jsip:

except for HCO where a (4s3pld 3sip) basis is used]

— AE (kcal/mole)

Reaction Method SCF MBPT,/CCD Experiment
2BH, ~ B,H,° SDQ-MBPT(4) 18.5 35.6 16627
BH, - CO — H,BCO® D-MBPT(4) 8.0 205 20424
BH, - NH, —= H,BNH 9 D -MBPT(4) 0.5 30.1 -

HNC — HCN® SDO--MBPT(4) 9.7 14.7 (103 = 1Y
HNC - [HE)® SDQ-MBPT(4) ~ 346 —309 -

CH,NC = CH (N? SDQ-MBPT4) 19.2 2s 23.7 - 0147
CH,NC — [CHY? SDQ- MBPT(4) — 34 - 40 - 38.4%

H - CO - HCO® CcCh 4.8 137 15.7 2 1.5°
HCO —~ [HCO|® cCcD —1238 —18.2 -

Reference [29].

Fehlner. T. P. and Mappes. G. W.. J. Phys. Chem. 73,873 11969),
Maki. L. tunpublished resuits).

FR we pnnh o

Warneck. P.. Z. Naturtorsch. A26. 2047 (1971).

Reference [25]. Square bracket indicates a transition state. This result includes a 4 kcal/mole zero point correction for the transition state
Reference [28]. Square bracket indicates a transition state. This result includes a 4.8 keal/mole zero point correction for the transition state

Baghal-Vayjovec, M. H.. Coillister. J. L. and Pritchard. H. O.. Can. J. Chem. 5§5. 2634 (1977},
Schneider. F. W. and Rabinovitch. B. S.,J. Am. Chem. Soc. 65. 1794 (1969).

Table V. Predicted dissociation energies, D,,. from different methods (energies are kcal/mole 1©

Method CH, NH, H,0 o, co €O, -C0=+0
SCT 324.71 195.20 151.14 240.22 170.19 70.03
MBPTI2) 397.06 272.11 217.40 349.70 231282 116.89
MBPT(}) 399.76 270.64 213.66 315.04 21401 101.04
D -MBPT(4) 399.90 271.54 214.66 317.63 21591 101.73
SD-MBPT(4) 400.38 272.20 215.35 32441 219.89 104.53
SDO -MBPT(4) 399.25 271.16 2477 321,11 218.30 102.82
DQ-MBPT(4) 398.74 270.41 214.07 314.31 21430 10001
D 398.10 270.63 211.83 308.82 210.94 97.88
Exp® 419.49 297.15 232.37 388.68 258.85 129.83
VPDCI(2) 392.75 264.84 209.38 288.05 202.97 85.08

2 Dissociation 1s to ground state atoms in cach case, CH, — C(’P) +« 4H(S), except where indicated otherwise
b Reference [§9). Also JANAF Thermochemical Tables, National Bureau of Standards
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Fig. 3 Percent deviation of theoretical from expenmental values for the
equilibrnium geomertry (left scale) and force constants tnght scale) of the
water molecule. Experimental values are trom Hoy, Mills, and Strey i Mol.
Phys. 24, 1265 (1972)) and, where availlable. from the revised fit by Hoy
and Bunker (J. Mol. Spectrosc. 74, ! 11979)). Theoreucai methods
employed are Hartree-Fock (SCF), all single and double excitauon con-
figurauon wnteraction (SD—CD). and the many-body perturbation theory
+MBPT) methods: at thud order (MBPT(3)). at infinite order including
double excitation type diagrams only (D-MBPTi=1}, and coupled cluster
doubles 1CCDY. Technical details of the methodologies are ziven in [14].
Agreement between theory and e¢xperiment s best lor points located
nearest the central horizontal line.

case of dissociation energies, relative energy differences are
important and one hopes that calculations in sufficiently
tlexible basis sets will benefit from substantial cancellation of
the 1nnate basis set error. However, unlike dissociation energes
where only a few points are required, the detads of the shape
and curvature of the surface still place stringent requirements on
the basis set due to the fine 2nergy differences that .ccur among
the many computed geometries.

In our work, we have studied two triatomic energy surfaces
{19, 28] in depth and various diatomic potential energy curves
[14,26.27,49]. Of these, our study of the H.O molecule [19]
in a very good Slater orbital basis set (Ssdp2d/3slp), defined by
Rosenberg and Shavitt [51]. is particularly informative. The
objective of this study is to investigate the quartic force field
of H,0 with CCD, MBPT, SD-CI, and SCF by performing
calculations at 36 points, involving symmetric and asymmetric
geometries [19,52]. All points are located within the zero
vibrational displacement.

The results of the prediction of the bond length and bond
angle and several of the quartic constants for H, O are illustrated
in Fig.3 [19]. The center line represents the experimental
values as determined by Hoy, Mills, and Strey [53}], and as
revised by Hoy and Bunker [54]. It is apparent that the trend
in the errors is typically SCF > SD-CI > MBPT(3) > CCD >
D-MBPT(%¢). Had the SDQ-MBPT(4) results been included on
the figure they would typically fall between CCD and
D-MBPT(=e) [19].

The determination of force constants from analysis of the
infra-red spectrum and the subsequent normal coordinate
analysis does not always provide an unambiguous force field.
Hence, better agreement with experiment does not necessarily
impty the superiority of the many-body methods to SD-CI. (The
most appropriate comparison would be the full CI in the speci-
fied basis set.) Furthermore, in rigor, CCD should be superior to
D-MBPT(=), but the neglect of single- and triple-excitation dia-
zrams in the CCD model, which would lower the energy com-
pared to CCD. would result in energies much closer to those
given by D-MBPT(ee). This is also supported by the observation
that SDQ-MBPT(4) which includes the single excitation effects.
is usuaily in a little better agreement with experiment than CCD

e - ~ -

Table VUL, Companson of predicted geomerries of the formyi
radical t HCO) with expenment

RQCHu\) R?O 1A} 3, ' Degrees)
RHF? 1.098 1188 130.0
UHF? 1.099 1187 126.8
D-MBPT(4)? 1111 1.188 1230
Expeniment® 1.125 1178 12498

9 Bruna, P.J., Bunker, R.J. and Peyernimhotf, S. D.. J. Mol. Structure
32,217(1976).

b Reference (28]

¢ Brown.J. M. and Ramsey, D. A.,Can. J. Phvsics. §3. 223241975,

[19]. Hence, the slightly better agreement with experiment of
D-MBPT(e<) tends to be a result of some error cancellaton
[19}.

The current results. though cerwamnly not definitive. are
strongly suggestive that the inclusion of some etfects of quad-
ruple and hugher even ordered excitauons as n the many-body
methods, CCD, SDQ-MBPT(4), and D-MBPT(%=), is important
in obtaining highly accurate potential energy surtaces even near
equilibrium. (This is not an isolated observation since even
Davidson’s Cl estimate of the quadruple excitation contribution
[53-538] has been found to have an improved effect on poten-
tial energy surfaces [31,60]). To some degree, this may be
understood by recognizing that quadruple excitations like
(161)°(3a,)* —=(4a,)*(2by)* are required for proper dis-
sociation of H, 0 into OC*P) and 2H(*S) [32]. and this effect,
is apparently felt all the way into the well of the H.O surface
(19].

The decomposition reaction of the formyi radical. HCO —
H + CO has also been studied {28]. including 2 determination
of the transition state and an estimate of the rate constant for
this system [28.61]. This differs from the H., O example 1n that
the formy! radical is an open-shell species and one 1s interested
in the surface all the way to dissociation. For both reasons. 1t 1s
usetul to use a UHF reference function in this study.

Potentially, UHF tunctions have a number of protiems. Be-
sides their failure to be spin eigenfunctions. they may also con-
verge to different symmetry broken solutions at different
geometries sometimes making it difficuit to use these functions
in surface studies. In the case of HCO where onlyv the single
bond is broken, this turns out not to be much of a problem,
however.

The full surface is studied at the level of D-MBPTi4) with
CCD results being determined at certain cntical points. As :n
H,0 [19]. only minute diiferences between D-MBPT(4) and
CCD were observed in this example [28]. (In more compiicated
cases where one determinant is not a good zeroth-order
approximation. CCD and D-MBPT(4) can differ more
significantly [14]).

We find that for the full extent of the surface the D-MBPTi<)
corrected multiplicity varies from 2.000 at infinite separation of
H and CO to 202 at the saddle point. decreasing somewhat as
one moves toward the equilibrium structure of the radical. As
in the case of H,0. the geometry of HCO shown in Table VIII
obtained by the relatively simple D-MBPT (4} model tends 10 e
in excellent agreement with experiment [28].

One final example illustrates the important deficiencies of
the current single determinant reference function MBPT CCM
methods. It is well-known that an RHF function will not
separate correctly at large R for the vast majority of molecules,
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Fie 4 UHE and RHE N, potential cnerzy curves compared to exper-
iment. The minima ot the curves are supenmposed. The UHE curve is
lower in enerey than the RHE curve at I R

Fig. 5 UHD ) and (RHEID-MBPT(6) and (RHE) CCD portennal enerey
cutves for N, The mimima of the curves are superimposed The
D -MBPTi6r correlated UHF curves are higher in energy than the
D MBPT6) RHF curves between R = 2.0 Bohr and R = 2.7 Bohr. The
IRHTH)-CCD result extends the reliability of the curve over the (RHE)-
D-MBPT(61 approvimation to somewhat larger R values.

and consequently, as a reference function for MBPT/CCM. this
incorrect behavior must eventually manifest itself. A UHF wave-
function will generally, (but not always) separate correctly. but
from spin contamination and other problems associated with
different broken symmetry solutions. the UHF function may
exlubit incorrect behavior on its path toward separation, This.
too can persist even with correlation included.

These features are illustrated in the N, potential curve shown
in Figs. 4 and 5 {49]. The minimum of the curves are super-
imposed to illustrate the differences as much as possible. The
spin multiplicity of the UHF N; solutions is found to be ~ 3.5
even though a singlet state is desired. This is indicative of an
enormous contamination from the low-lying triplet. quintet and
septet states. From Fig. 5, it is evident that this curivus be-
haviour of the UHF solution persists into the correlated caleu-
lation. Whereas the correlated RHF caleulation gives quite good
agreement with the experimental curve as far as it can be ex-
pected to apply. the UHF correlated calculation shows almost a
reverse curvature only becoming reasonable near the separated
atom linut.

A problem of this type demands some type ol multirererence
tunction based many-body approach as developed by Brandow
[36]. Lindgren [37]. and others [38]. As the N tnple bond
begins 1o break, more than one configuration tin o Cl descnip-
twon) becomes yuite mportant m the wavetunction, and these
extra configurations cannot jusutiably be treated hy pertur-
bation theory. Preferably. all the configuranons that are re-
quired for proper dissociation ol N, (~ %) should be included
in a reference (model) space. o p dimension, with the re-
mainder contnibuting as the projection mamtold of perturbation
theorv.

There are two interrelated problems with thus muitireterence
approach. Since cach of the p* elements of the effecuve
Hamiltoman matrix requires 3 computation roughly equal to 4
full MBPT CCM calculation with a single reference. the compu-
tational ditficulty nses rapidly the more configurations that
need to be included in the model space Also. if we consider
polvatomic molecule and want to employ all the contigurations
needed to obtain correct separation tor gl possible decompao-
sition channels. the dimension, p. can become quite large. We
have pursued a somewhart different approach to this problem
which is described in a contnibuton to be published {62].

6. Dipole moments, polarizabilities, and hyvperpolarizabilities

To address the question of MBPT CCD studies of properties
other than the energy. we have investigated the dependence -1
a molecule 19 an external electric field [35) . The expansion o1
the energy i an eiectric tield E.1s

WE) = WO =k, =1 2l k0, — | 35 E F E
=1 Sty E R~ )

Summation over repeated indices 1s assumed. The coetficients in
this expansion are the dipole moment. . the polarizability ten-
sor, a. and the sccond- and third-order (hyvper) polanizabilities.
pand y[63].

The importance of pand « in molecular theory is well-knewn,
while the B and y hyperpolarizabilities are ulumateiy responsible
for the nonlinear optical effects of molecules [63]. The most
intriguing aspect of the latter quantities. 1s that the nonlineur
optical effects can be exploited to make an atomie or molecular
gas frequency multiply laser radiation. As such. a knowledge of
hvperpolarizabilitics (preferably . as a function of freguency).
can contribute to a number of potential laser devices of unusuai
capabilities. The p and y tensors can be determined by exper.
iments emploving second- and third-harmonic zeneration tech-
niques [64]. und by using the Kerr eftect [65]. However, the
experiments are ditficult, the range of uncertainty is large, and
in many cases values tor f and y deternuned by ditferent exper-
imental techniques differ —arkedly. with even oppaosite signs
obtained in the case of the 3=1(3... + 3., — J:y. ) hyperpolar-
izability for some molecules [o4b].

A first principle prediction of quantities iike hy perpolany-
abilities places extreme demands on any quantum mechanicdd
method. Since these quantities. unlike the energy . depend upon
the long-range behavior of the charge density, great care must he
taken to generate a basis set that can adequately desenibe the
region. Also. unlike &, few bounding properties can be usetully
applied to the lgher polarizabilities. Finally. correlanon s
expected to be crucial to determining the sensitive difterences m
the charge densities that are requisite in a predictive theorny of
higher polarizabilities.

Phvsice Serpie 2!
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Employing the Hamiitonian,

H=S Vi) - E)+ ¥ ni )t = ZV‘m (9)

|>)

Hy(E) + V(E) (10)

H = HyEY~V,, —IVE) =
the energy in the presence of the tield is given by

WIE) = WeypE)

= § @ E)NVEY(EAE) — Hy(EN ' FE) " 10g(E)) |

na|

(11)
The quantity, Wegpp(E) is the coupled-Hartree-Fock result.
Equations (9-11) can be solved by conventional perturbation
theory where all quanuties including the V¥V potential are
expanded in a Taylor’s series in the external tield. Considering
an H,(E) in this manner, one obtains the so-alled coupled
perturbed Hartree-Fock (CPHF) result {66, 67]. The additional
correlation effects would have to be evaluated by considering
the classes of diagrams with one. two. and more interactions with
the external field. Also. if one uses this double perturbation
approach, one would have to distinguish between the CPHF
diagrams and the “‘true” correlation diagrams in the linked-
diagram expansion [67].

Alternatively, finite field techniques may be emploved where
the HF-SCF equation and the linked-diagram expansion are
evaluated, at several small finite-field strengths, from which
numerical differentiation provides the various components of the
dipole moment and polarizabilities. In the latter case, the sol-
utions of H,(E) at various field-strengths provides the coupled-
Hartree-Fock result, which is equivalent to CPHF [68]. The
correlation corrections can be added by evaluating the linked-
diagrams as shown in Fig. |, but now subject to field dependent
orbitals. (Note. since all finite-field orbitals are still determined
in the appropriate #*V(E) potential, the associated Hartree-
Fock cancellations stiil apply. so no non-Hartree-Fock diagrams
need to be evaluated.) The finite-field procedure has the advan-
tage that all the coefficients in eq. (8) can be obtained simply
by making enough finite-fieid energy calculations. This permits
using the programs and methods developed for the usual corre-
lation problem which usually offer a more sophisticated level
of treatment of the correlation than would be convenient to
develop for each order in an external perturbation. Also, there is
a natural dichotomy into HF-SCF and correlation etfects. The
disadvantage is that several different finite-field va'ues need to
be considered to obtain the components of the various tensors,
and. of course. one must maintain high numerical accuracy in
every stage of the computation in order to obtain meaningful
numerical derivatives.

In Table IX some results for the HF molecule are displayed.
These are the first correlated studies of hyperpolarizabilities
which have been reported {35]. The very large basis set
16s5pddi3s3p) was chosen essentially by following the prescrip-
:ion advocated by Christiansen and McCullough {69] who used
this scheme to obtain contracted Gaussian orbital basis sets
which provided good agreement with completely numerical
coupled Hartree-Fock calculations of g, @,. 3;z,. 2nd Y.,
With our basis set, agreement with the numerical CHF results in
almost perfect for u,, and a,,, within 3% for 3.,, and 12% for
Yez2z [351

Correlation at the SDQ-MBPT(4) level has a significant effect
on u and a. bringing the resuits mnto very good agreement with

Phueics Sormey N .

Table IX. Dipole momenr, pularizability, hyperpolanzabiity )
HF [ basis [ 6s3p4d.;553p 1 all results are in atomuc unirs/

CHF SDO-MBPTi4)  bapeniments
o 0.758 0.709 n.7nTe
a =] Jagy ~ ayy = dgp) 1.89 5.58 s520
g —a, 1.28 1.21 1.32¢
U= s dexx = diyys  — 3.3 —-199 -
Yzzzz 280 390 -
Yyyzz 80 140 -

% Muenter,J S.and Kemperer. W..J. Chem. Phys. 52, 6033 ¢1970).

® Werner, H. J. and Meyer, W_, Moi. Physics 31. 855 119761 Zero-Pont
Correction to r, 1ncluded.

€ Muenter,J. 5., J. Chem, Phys, 56,3409 11972

experiment. In the case of 3, there is a marked change Jue o
correlation, more than Jdoubling the CHF result. Simdariy. the
components of y are increased by 40 and 75%. It is apparent
that correlation is absolutely crucial to a predictive theory of
these quantities.

[t is encouraging that the SDQ-MBPT(4) model seems to be
rather accurate for x and « in this example. It is well known
that the single-excitation contributions to properties other than
the energy are quite important. This is also true in the present
case. The bulk of the singleexcitation effects 1s :ncluded in the
initial CHF results in the present approach, since as shown by
Caves and Karplus. CHF (or CPHF) sum certain categones of
single and double-excitation diagrams in the double perturbation
approach to all orders [67]. Even so0. the residual 2ttects of the
single excitation diagrams appeannyg in the fourth<rder eneray
are still significant [{35]. On the other hand. quadrupoie 2x::-
tation diagrams make almost no contribution to these properties.
A superior model to SDQ-MBPT(4), is probably a mode! such as
SD-MBPT(ee) or even CCSD that would include the conir.
bution of such single excitation terms 1< all orders.

7. Conclusions

We believe it has been demonstrated that MBPT CCM can ™e
usefully employed in a wide variety of chemically interestry
problems. Within good CCTO or STO basis sets. gev net=zs o d
local force 1ields may be predicted very accurately in most Jases
Some properties other than the energy can aiso be obtained 10 3
high degree of accuracy. Dissociation energies in the 2xairples
described and others not vet published {70]. can be expecied -
be highly reliable if only a single bond is broken. decom:ng .-
so when comparable dissociation to atomic fragments is reguire
In the latter cuse, however, the largest error is due (o Husis set
defects rather than any inherent weakness in the methods.

The most glaring failure of MBPT /CCM as implemented in
this paper occurs due to the inapplicability of a single determi
nant reference function. This is the problem in the N, example
cited, and will remain a problem for a aumber oI potential
curves when muitiple bonds are broken. in some excited states,
and for the general open-shell case. The most encompassing
solution to this problem lies in multreference based many-body
methods [36-38]. A new approach of this type which has many
desirable features is descrit~u in a forthcoming paper [0l].
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ABSTRACT

The coupled cluster singles and doubles model (CCSD) is derived
algebraically, presenting the full set of equations for a general reference
function explicitly in spin-orbital form. The computational implementation
of the CCSD model, which involves cubic and quartic terms, is discussed
and results are reported and compared with full CI calculations for H20
and BeHp. We demonstrate that the CCSD exponential ansatz sums higher-order
correlation effects efficiently even for BeHp near its transition state
geometry where quasidegeneracy efforts are quite large, recovering 98%
of the full CI correlation energy. For Hy0, CCSD plus the fourth-order
triple excitation correction agrees with the full CI energy to 0.5 kcal/mole.
Comparisons with law order models provide, estimates of the effect of the
higher order terms T{Tp, T?Tz, T?, and T% for the correlation energy.




I, INTRODUCTION

A

Recently, a number of applications of many body perturbation

theory (MBPT)(]'4) and coupled cluster methods (CCM)(S'B) to the ab initio
)

calculation of the electronic structure of molecules have been reported.(9
l These applications have restricted the full MBPT/CCM model to a fixed
level of perturbation (e.g., third or fourth order as in D-MBPT(3) and

l SDQ-MBPT(4)) or to including all orders of the class of double excitation
cluster operators as in coupled cluster doubles (CCD), or (poorer) the
linearized L-CCD(= D-MBPT(=)) form. The methods implemented usually

presume the use of Hartree-Fock orbitals, although this is not necessary.

Here we report the derivation and the computational implementation of the

full CCSD model. The method, as implemented, uses any orthogonal set of
orbitals and is not restricted to Hartree-Fock orbitals. In particular,
it is possible to use symmetrically orthogonalized bond orbitals instead
of Hartree-Fock orbitals and to take advantage of the concomitant reduction
in the number of molecular integrals in large molecules which results from
the more localized structure of the bond orbitals. Additional applications
for non-Hartree-Fock orbitals, such as optimizing orbitals so that the
energy becomes stationary, are easily envisioned.

, There are a number of reasons to recommend the development of
the CCSD method as a basis for what Pople calls a'theoretical model

(10,11)

chemistry." These criteria propose that a method(1) should be "size-

extensive," which means it scales properly with molecular size:
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(2) applicable to a wide range of problems within a single framework;
(3) invariant to classes of unitary transformations; (4) efficient; and,
(5) able to correctly separate a molecule into its fragments.

CCSD is a many-body method built upon the linked-diagram theorem.
Hence, it is size-extensive; and, in particular, CCSD gives the correct result
for the characteristic problem of separated electron pair bonds as in a
lattice of N noninteracting H2 molecules. As long as a single determinant,
which need not be a restricted or unrestricted Hartree-Fock function,is a
reasonable starting point, CCSD is applicable to most problems without
modification or special symmetry conditions.

Furthermore, CCSD is invariant to any transformation among the
excited orbitals or the occupied orbitals, respectively. CCSD is not
generally invariant to transformations that mix occupied and unoccupied
orbitals among themselves. However, for the special case of noninteracting
separated electron pairs, it is even invariant to such general transformations.
This follows from the fact that CCSD is the "full" CI (i.e., all possible
contributing n-tuple excitations of n electrons) for such a model problem.
Since interpretations of chemistry are largely based upon_the concept of
separated electron-pair bonds this is a very desirable aspect of the
CCSD model. In a real molecule, different choices of the molecular
orbitals will give different energies, but we would expect a smaller
effect due to such transformations for CCSD than in less complete models.
It will be interesting to see if localized orbital models will be
approximately invariant.

The condition of efficiency also recommends CCSD since the
treatment of the electron correlation grows no more rapidly than the sixth

power of the number of basis functions, Ms. Thus, CCSD involves no more




coefficients than the configuration interaction single and double excitation
model, SD-CI; and, in principie, it is no more time consuming. This is

true, even though CCSD includes contributions of quadruple excitations,

as well as additional parts of the triple and higher excitations that

arise due to disconnected products of single and double excitations. Any
attempt to exceed the CCSD mecdel by including higher categories of excitation
operators such as the connected triple excitations, T3, will invariably
result in a model where the number of operations would asymptotically rise
more rapidly than Ms.

The condition of correct separation depends upon the reference
function as well as the degree of correlatior included and generally
requires the resolution of degeneracy problems. Full CI with a single
reference function obviously separates correctly even for poor choices of
reference function. For less complete correlation models, the relative
importance of the reference function and the correlation corrections is not
yet determined, often recommending multireference technigues. A single UHF
function wiil, in general, separate correctly, though it cansuffer from
large amounts ¢f spin-contamination causing  an erroneous behavior of a
potential energy su-~face. With any choice of reference function, CCSD will
certainly go farther toward achieving correct separation than SD-CI, so we
might expect a higher level of applicability. For example, CCO is known
to correctly handle some severely degenerate prob]emss]2’13) and in this paper,
CCSD is similarly shown to resolve two highly degenerate problems without
resorting to multireference function techniques. Consequently, CCSD offers
a potentially attractive model for a "theoretical model chemistry" that can
often even achieve correct separation or resolve some kinds of degeneracies

despite employing a single reference configuration.




In the following section we will review coupled-cluster theory

and the singles and doubles approximation. Section IIl summarizes the

CCSD wyuations and Section IV sketches the method of implementation.

Finally, Section V compares CCSD calculations at the double zeta level

on H2, H20, and BeH2 with full-CI calculations.




II. THE SINGLE AND DOUBLE EXCITATION APPROXIMATION IN COUPLED CLUSTER THEOQRY

Coupled cluster (CC), many-body perturbation theory (MBPT), and
configuration interaction (CI) are methods designed to solve the Schrodinger
equation, and consequently, all can be interrelated. The primary difference
is in how higher order excitation configurations are handled, with the con-
sequence that many-body methods are size-extensive. In particular, CC theory
can be viewed as a way to sum certain categories of many-body perturbation
theory diagrams to all orders. While such a viewpoint has advantages, we
will discuss the CCSD approximation from the viewpoint of an exponential
representation of the exact wavefunction., That is, we will write the exact
solution to the Schrodinger equation as an exponential of the cluster operator

operating on a reference function,(7)

Y

= o
y Yoo = & & (1)

exact

where %, is a single determinant and T is a cluster operator which is

usually separated into one-body, two-body, etc. cluster contributions.

TeTy+T+ T+ .. (2)

The various parts of the cluster operators are represented as expansions
of second quantized excitation operators and the problem of determining %
is reduced to the problem of finding the expansion coefficients of the
second gquantized operators. For f1 and %2’ the expansions are

2 a .+
T, = ¢ t%al a, (3)
1 ia i Ya “i

€
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and
.= p t3®ata at, (4)
2 Lo, 7id Ta i b 93
i>j
a>b

where we have adopted the convention that the lower case Roman subscripts
(superscripts) 1, j, ks, &, ... (a, b, ¢, d, ...) refer to orbitals which
are occupied (unoccupied) in the reference determinant. The undetermined
coefficients are {t?} and {t??} while {a;ai} and {a;ai agaj} are second auantized
sets of single and double excitaticn operators, and Q?? is antisymmetric
R T

The chief advantage of CC over CI can be easily demonstrated by

(i.e., t

using the expansion of an exponential operator,

eT=1+f+ ?2+%f3+... (5)

| —

to bring the CC cluster operators into a formal correspondence with the CI
excitation operators. In the CI method, the exact wave function can be

written as a linear combination of excitations from a reference determinant.

) (6)

I=(1+c1+c2+...cN) o

wexact = WC

1 ' where 61 is a sum of i-foid excitations with coefficients which must be
determined. The correspondence between Ei's and %i's is established by

using equations (2) and (5) in (1) to produce an expanded equation

. S-S 1 22 152 ‘
Yoxact ~ (T+T,+ 7, FTyb .t §T1 *TT, + 5T, * ceedivg
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Terms with the same total excitation level are collected together and equated
to the CI coefficient of the same excitation level. For example, the CI

quadruple excitations, E4¢, correspond to the following sum

AP IV RPN | 1z
Co =Tt 3T, * T3+ T+ Ty (8)

N —

Thus, CC can be regarded as a way to decompose CI coefficients into other,

(14)

possibly more physically meaningful terms. In the case of quadruples,

a substantial body of work has indicated that the largest component of C4

(8).(]4']6) From a computational point of view,

comes from %&g in equation
this is an important observation because the effects of fg can be included
using algorithms where the work is proportional only to the sixth power of
the basis set size instead of proportional to the eighth power of the
basis size.

The CCSD method is an approximate CC method in which the exact
wave function (c.f. equation (1)) is approximated by truncating the expansion
of T (c.f. equation (2)) after %2' Thus,

T, + T2

Yexact = Ycesp T @ % - (9)
The coefficients which must be determined are just those given in equations
(3) and (4), and the number of unknown coefficients in the CCSD approximation
equals the number of coefficients in SD-CI. Thus, the level of computational
effort required in the CCSD model is expected to be comparable to the Tevel
of effort required for theSD-CI model. However, as indicated in equation (8),
the CCSD approximation incorporates parts of the CI quadruple excitation

terms, namely, §¢§, f]A3, and %!f?, and it does so more economically and .
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compactly than a SDQ-CI calculation can. There is evidence based upon
perturbation theory, previous calculations and physical grounds that the

-~

single missing term, T4, is usually not needed to achieve accurate

14- L , .
calcu]ations.( 18) In addition to including the effects of CI-type auadruple
excitations, the CCSD model also incorporates some of the effects of triple

excitations. Associating 63 with cluster terms, we find

A2 aa 1 a3
C3 =Ty *+ T+ g Ty (10)

Thus, the CCSD model incorporates the %1%2 and %? components of CI type
triple excitations. Unfortunately, when Hartree-Fock orbitals are used,

perturﬁétion theory indicates that the dominant contribution to 63 usually

comes from f3 S?G'ZI) which is not included in the CCSD method. On the other hand,
if non-HartFee-Fock orbitals are used, so that f1 is large, then the dominant
contributions to 63 can come from f]fz and f?. In practice, we have found

that these terms do become important in bond breaking processes which one

is usually tempted to describe with a multireference approach. They seem

to remain unimportant for simple closed-shell molecules at their minimum

energy geometries. As in the case of the 64 components inherent in CCSD,

the disconnected 63 components can be computed with algorithms in which the

work is proportional to the sixth power of the size of the basis set.
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ITI. CCSD EQUATIONS

The procedure for deriving the CCSD eguations have been
previously reported in diagrammatic form(7) and approximations to these

equations in orbijtal form,(]s)

using elegant and compact notations.

In some cases the reported equations have been restricted to Hartree-Fock
orbitals or approximations were made in the equations. In this section

we present the complete set of equations satisfied by the coefficients

which define %1 and %2 in the CCSD method. These cquations are applicable
to any set of orthonormal spin-ortitals. In particular, the eauations are
applicable to RHF and UHF as well as non-Hartree-Fock reference determinants.

The equations are derived algebraicly for this work using the conventional

procedure beginning with the Schradinger equation

(H-E.ci)e ! 2|°o> =0 (1)

(H - Eccsp) Yeesp ~ CCSD

: a ab,, h that
and projecting onto a set of functions, <o [, {<;|}, and {<jlis suc

. s a ab . s
a set of equations sufficient for determining the ti and t1.j coefficients

results,
<o |(H - Eccsn)le%1+%2°o> =0 (12)
< ?](H - ECCSD)Ief1+fz¢°> =0 for all i, a (13)
<§§](H - Eccsu)]ef1+f2°o> = 0 for all ¥, J, &,b (14)

Next, the exponentialis expanded using equation (5) and, using the fact

that H contains no more than two-electron operators, we have
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3 H-E 4T +T 4T s 5 = @

3 ceso 1 FT* Tl % (12a)

! a, 1 1.2 1.3y,

<5IH - ECCSD;(1+T]+T2+§I1+T]T2+§1T]);fo> = 0 (13a)
|
: aby, | 1.2 12,120 1 3.1 4. _ \

G = Eoosp (FT Tt Ty TotgTotaT  Tog Tty T 15,72 0 (14a)

1

Evaluating (12 ) in terms of the amplitudes t? and t??, then gives

1 j

.. b a,b a,b
t f. t3+ 1 <ijllabs (t2° + £t - 3% (15)
a1 T 5 ij id %]
a>b

E

| cesp = <YlHle> +

‘ —- al s 3l - * * (1-p
, where f. = <T{H[» > and <ij||ab>= Xi(])xj(Z) ——FTE——
Finally, equation (15) is substituted into equations (13) and (14)

T(a(] )\b(z)dTT dTZ

causing terms, which would make unlinked contributions to the energy, to

cancel and eliminating the explicit E dependence of the t coefficients.,

|

!

l The other important step in the derivation is to observe that the T.l
equation may be factored from the equation for the T2 amplitude,

l as discussed more fully, below. Evaluating the resuiting second-quantized

| matrix elements with KOMMUTEE]7) a computer program for determining
matrix elements between determinants, and carrying out the above

' simplification results in the two egquations satisfied by the amplitudes

‘ in f1 and %2‘ These are presented in Tables (1, 2, 3). After solving

the equation of Tables 1-3 the energy is given by Eq. (15).

An important aspect of the coupled cluster equations, in general,
and the CCSD equations in particular are their fully “connected" diagrammatic

form. A1l unlinked diagrams (diagrams that contain a closed disconnected

% ‘ o
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part) cancel with the energy in Eas. (13-14), thereby ensuring the size-
extensivity of the mode].(lg) Disconnected diagrams (diagrams that have
open disconnected parts) would still remain in the general case. However,
Lindgren(]s) has proven that in coupled cluster theory, only connected
diagrams need be considered for the various Tn amplitudes. This feature
becomes transparent in the direct algebraic derivation presented here, since
all disconnected diagrams ~htained in the straightforward evaluation of

Eq. (14) correspond to a single particle amplitude, t? multiplied by the T]
equation of Table 1, which, of course, vanishes. Diacrammatically, these

disconnected terms are of the form
X
| | Eb
0 X 0 ®\o

where a T1 amplitude is signified by ;>\b and a TZ amplitude by

A recent thesis by Cullen, (19) presents the diagrammatic deviation

of the CCSD equations with a thorough enumeration of the diagrams.

sinitaslmai

i PR e e
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Several points about the expressions for the T] and T2 amplitudes
should be made. First, at this point we have not yet prescribed a method
for solving these equations. Second, the equations are nonlinear and coupled,
a featur> they share with the Hartree-Fock or MCSCF equations. Third, the

equations are or~rtic in f1 but only quadratic in T The quadratic non-

o
linearities are similar to the nonlinearity that is implicit in the CI
secular problem (see Appendix). Although the quartic nonlinearity can be
a problem, anyone who has solved Hartree-Fock on MCSCF problems is unlikely
to be deterred by the comparatively low level of nonlinearity in the CCSD
equations. A fourth feature is that the computational effort required to
evaluate each amplitude grows asymptotically no more rapidly than the sixth
power of the number of basis functions. In a system with n occupied orbitals
and N unoccupied orbitals the CCSD computation time for very large basis
sets and many electrons will grow only as n2N4, which is the same as for
SD-CI. Enhancements to CCSD incorporating all excitations in a class of
higher excitations (e.qg. %3) will result in algorithms in which the time
required grows as tae seventh power of the size of the basisgzo)
The final point to be made concerns the form of the equations for
the T2 amplitudes in Tables 2 and 3. These equations have been written in a

-

form which emphasizes the similarity between T2 and % T? terms. Thus, it
is possible to implement terms containing T? using subroutines already

written for %2 terms.

. 5 . P 8 I . [P e
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Iv. Implementation of the CCSD Method

At the time when we reported implementing the CCD mode]fzo) vie

briefly outlined the procedures we used for solving the nonlinear T equations.

2
We omitted many details which we felt were self-evident; however, our
subsequent experience has convinced us that a more detailed description cf
the algorithms should be disclosed.

First, we wish to define what we do not do. If we
collect the f1 and fz coefficients into a vector, X, and define the arrays

A, B, C, D, and E, it is possible to write the equations in a general

tensor form

X X X X XX =0

Ay + B Xs+ T Cogy T A jgimEijkszJ kK ¥

J 1]

sk togke D

(16)

In principle, equation (16) can be solved using standard approaches after
constructing the matrices A, B, C, D, and E. Although we find equation (16}
occasionally useful in discussing properties of the coupled cluster
equationsg]3) the large dimension of the B, C, D, and E arrays make
implementation of practically useful algorithms predicated upon the
construction and manipulation of these arrays impossible. Consequently,
the programs never construct these arrays; however, it is possible to
think of our programs as producing the result of B, C, D, and E operating
on X without explicity constructing the arrays.
The methods used within the programs can be most simply explained

by referring to the equation in Table 1 as an example. The first step is to

™~ Q

rearrange the eguation into an explicit equation for the coefficient t
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. . - (20,21)
Based upon our experience with perturbation theory, we usually choose
the terms containing the diagonal Fock matrix elements (i.e., orbital

energies) for the rearrangement of the T1 equation. Thus, we would write

d -1 a d
t, = (f,, - f,.) f,,+ = f t, - I f.. t;
d
+ 0 «diffea> ]+ o f (] —tt) (17)
ia ia 1d il
+ }

Equation (17) would then be solved iteratively. Usually, but not always,

we start with td initially set to 0 so that

Z
t901) = (F,, - £, ¢ (18)
Z L dd 2d
and subsequently on the jth iteration
t305+1) = (F,, - £, eF £ t3)
- r £, t500) + o o<diffeas £(3) (19)
i(te) ia
- ad
oo, (t1£( i) - 2\])t (3y + ...}
ia

Equation (19) illustrates one additional feature of the method we use to

solve the CCSD equations. Namely, we usuallychoose to simultaneously iterate




1 and %2 coefficients so that at the end of the nth

cycle we have all tg(n) and t??(n). Of course, it is possible to iterate
1]

the equations for %

separately for the %] coefficients with frozen %2 coefficients and then iterate
for T, coefficients with fixed T,. We usually find that Ty and T,
coefficients are sufficiently coupled that such an iteration method is
uneconomical.

Another point which equation (19) illustrates is that we retain
the nonlinearity of the CC equations throughout their solution. Usuaily,
we do not choose to solve a linear approximation before introductng the
nonlinear terms. Nor do we choose to use a Newton-Raphson method to
achijeve rapid convergence because the N-R method requires evaluation of a
gradient matrix. The size of the gradient matrix would be too large to
handle conveniently. Instead, we use a reduced linear eauation method to
(13)

accelerate convergence.

In writing down equation (17), we choose to use the terms
d

2

implies that the first few iterations of equation (17) beginning with f

containing diagonal Fock matrix elements to solve for t This cnoice

n
o

1
correspond to a perturbation solution of the CC equations using a Mgller-

Plesset partitioning of the Hamiltonian, which has been shown to normally

have better convergencé?z)lf a linear approximation to equation (17) is

made, then all iterations can be made just as in perturbation theory.

Although the Moller-Plesset partitioning has been shown to be superior

for perturbation methods based upon Hartree-Fock orbitals, there are

times when it is clearly inappropriate such as when RHF orbitals are

used for an open-shell configuration and fzz = fdd' In that situation,

(fzz - fdd)-1 is indeterminant and we have a so-called "dangerous denominator."
Fortunately, in this case the dangerous denominator problem is artificial

and can be eliminated by electing to add an arbitrary constant times tg to both

- Al
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sides of the T] equation (Table 1) and then solve for tg. A simple

rearrangement to other forms,like the Epstein-Nesbet partitioning for
example, will not usually alleviate the denominator singularity.
any circumvention does not resolve the denominator singularity. Of course,

multideterminatal description implied by the dangerous denominator.

Throughout this paper, the equations have been written in spin
orbital form. However, prior to implementation in the computer program,
the equations are rewritten and the spin factors are specifically included.

For example,

' ab . af_l Q
I <ddffab> ty, » 1 <id lla b > t,%,

a>b aa>ba @aaa a o ¢
ia |

aBba

; )
+ <16da|a8ba> t:% (20)
as;ba 8 @
i
g

where ia refers to the spatial function of the ith spin-orbital ard g orbitals

are numbered higher than « orbitals. If n, (n,) is the number of occupied orbitals

3
with a(8) spin and chNS)is the number of unoccupied orbitals with «(3) spin
then the factoring by spin reduces the sum on the left side from (nOl + ns)2

3 202 2 . .
(Na + NB) to naNa(Na-n)/2+nanBNaNB operations. The equations are also

analyzed to reveal simplifications which result when orbitals are spin
restricted so that o and 8 components have the same space functions. Thus,
in the spin-restricted problem td“ is evaluated, but tds

£3
La
is not evaluated. Also terms like the second term on the right

. do
(which equals tta)

hand side of equation (20) simplify as follows in the RHF case.
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[

ab

ab
z <idlab>tB? =2 1 <idabo>t, (1- 5,,./2)
ab Ba' B a 18£a ay >b al i Za ab
B a ! (21)
ig

Consequently, the number of operations required drops from nansNiN8 to
ani(Na+ 1)/2. In all cases we have been able to implement the spin-
restricted sums with the same subprograms as used for the implementation

of the spin-unrestricted sums by changing loop limits and inserting
appropriate factors of two. As a result of explicitly treating the spin,
the work involved in evaluating our equations is essentially the same as

if we had adopted a spin-adapted formulation while retaining the flexibility

of removiing spin restrictions.

In addition to an explicit treatment of spin summations, we also

factor terms containing products of three terms into intermediate partial J

sums containing just two terms. Thus,

. c .da c
T <ij|lca> t; t;S D t; o (22)
i>j 120 N AR
ca
where o, = ¢ «<ij||ca> tda The intermediate, o '
cd i>] ij * s Oeg?
a

is computed and stored as partial sum before completing the evaluation by

summing over the % terms. As a result of this factorization, the work required
1
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to evaluate the above term is reduced from nz(n-])N3/2 operations to
2

nz(n-1)N2/2 + nN~ operations. This is exactly the same type of simplification

required to reduce the two-electron integral transformation to an (n + N)5

)8

process from an (n + N} process; and like the explicit spin summations, it

always has been used in our MBPT/CCD programs.(20-24)

! Qur treatment of symmetry within the program occurs at two levels

and is intertwined with the choices we made for integral and coefficient i
storage. Hence, a brief explanation of our integral storage technique is f
required. Before we adopted any storage scheme we first proposed some

design goals for the program:

(1) The storage scheme adopted should facilitate writing the

program. That is, it should be easier to write the required

subroutines and easier to ensure the correctness of the
routines.

(2) Every step in the evaluation of the terms required should i
be fully factored and no term should require more than
n2N4, n4N2 or n3N3 operations.

(3) Access to data, both in memory and on disk, should be
sequential in the inner loops. No input/output would
ever occur within the two innermost loops. Random
access to records on disk would be presumed, but primarily

used to position subfiles which would then be read

sequentially. Because of the sequential access through

memory the program would be ideally suited for vitual

memory computers.
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(4) The central memory requirements, should be proportional

to the square of the number of basis functions. Thus, if

the computer has enough memory to solve the Hartree-Fock

problem, then there should be enough memory to solve the

CC problem. Unlike most CI programs, we do not assume

that all of our coefficients could fit into memory. Instead,

we choose to hold only a single distribution of coefficients

in memory and to carefully manage the concommitant increase
in input/output by working with fully ordered integrals and
coefficients. Consequently, we were able to carry out

frozen core CCD double zeta calculation on benzene (60 MO's)

on a VAX 11-780 using a physical memory working set of

256 K bytes while paging at a relatively slow rate.(11)
(5) Symmetry zeroes and accidental zeros should be treated ;

transparently and on equal footing where possible.
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Qur approach to implementing these six goals centers on the
observation that most terms in Tables 1-3 can be written as simple scalar
products. For example, by combining ab, cd, and ij into single labels

¢, f, and k we can rewrite

¢ <ab||cd>tSd (25)
ij

cd

as a simple matrix product I Vef Tk
f

If all <abj|cd> and t?? are sorted onto a random access device so that

the label cd identifies a record containing <abl||cd> for all ab and the
label ij identifies a record containing t?? for all ab, then the summation
indicated in (24) is easy to perform, especially if the integrals are

also ordered within each record. Furthermore, the sums can be set up so

cd

that only N2 integrals of <ab||cd> type and N2 coefficients of tij type

must be in memory to generate a given t?g . If integrals are ordered in
each record, exact zeroes and integrals smaller than a given threshold
can be removed and a skip count indicating the distance between labels
can be packed into the integrals.

As a result, to simplify programming,we opt to sort the
molecular orbital integrals coming out of the two-electron transformation
into antisymmetrized combinations with Dirac type labels and to store
them in random access subfiles according to the number and location of
occuppied indices. Within each subfile, two integral labels are used to
specify a record containing all integrals of that type. Zero integrals
and approximately zero integrals are not stored in the records and skip
counts are inserted to keep track of these integrals. While these steps

introduce some inefficiency and redundancy at the N4 Tevel, we are willing

6
to make these kinds of sacrifices to speed up the N~ processes.
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Returning to the treatment of symmetry, we see that at the
lowest level symmetry is implemented by removing all zeroes from the
antisymmetrized integral and coefficient lists. While it is important
to remove zeroes for integral and coefficient storage, the principal
benefit occurs during the construction of the scalar products where a
routine Tike that shown in Table 4 can be used to perform a sparse scalar
product. Thus, the inner most loops are implemented with a.- sparse scalar
product subroutine which is driven by the indices implicit within the

antisymmetrized integral 1ist. Since indices which are zero by symmetry

never appear, the loops effectively run only over symmetry indices. To
avoid generating a term which is zero by ;ymmetry, we use a symmetry template
in the outermost loops. Thus, the target arrays contain a bit filag
which indicates whether the sum is zero by symmetry. In effect, the outermost
ioops run over all orbital indices, but the inner loops are skipped altogether
if the evaluation term must be zero by symmetry.

This completes the discussion of the computational considerations.

The following section discusses some applications of the CCSD model to

molecules.
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VI, EXAMPLES

Qur first application of the CCSD model was to H2 in a double

Zzeta basis. A potential curve from 0.9 a.u. through 10 a.u. was calculated

with both the CCSD model and SDCI (i.e. full Cl), which of course, gave

the same answer. Furthermore, the CCSD energy was invariant to the orbital

transformations - including UHF orbitals- which we applied to test the program.
The second application, also made to test the correctness of the

program, was 2H2 at a 100 a.u. intermolecular separation. In this problem,

the CCSD energy was exactly twice the SDCI energy for a single H2 as

size extensivity requires. Again, the correct relationship held for the
range of H2 intramolecular separations while keeping the intermolecular
separation of the Hz's at 100 a.u.

More interesting results are the CCSD energies for H20 and the
comparison with the full CI results of Saxe, Schaefer and Handy (Table 5{?4)0ur
CCSD energy, in the double zeta basis at their geometry, is -76.156077 hartrees

which represents an energy lowering of -.006062 hartrees relative to their

abave their full CI energy of -76.157866 hartrees. The largest part of the
difference between CCSD and full CI comes from triple excitations, which

(25)

have been calculated to contribute -0.001364 hartrees. The CCSD energy accounts

I SD-Cl energy of -76.150015 hartrees. Our CCSD energy is .001789 hartrees
for 98.79% of the total correlation energy compared to 94.67% for SC-CI.

' Thus, the CCSD model accounts for two-thirds of the error inherent in SD-CI.

As can be seen from Table 5, the CCSD + T(4) model energy is .00017 hartrees

(0.1 kcal/mole) above the SDTQ-CI energy. In this case, the effect of (I

{ type quadruple excitations are handled accurately by the exponential ansatz.




Equally interesting is a comparison of CCSD with CCSD-2, a
simplification of the full CCSD in which only the linear single excitation
terms and the 1/2T$ are retained§]3) The difference between CCSD and CCSD-2
of .00031 hartrees is the energy raising caused by disconnected single
contributions to CI type triple and quadruple excitations.

One of the advantages of an infinite-order model! 1ike CCSD over a
finite-order perturbation approximation occurs with more difficult cases
that involve some quasidegeneracygzo) Unlike the H20 example, where the
Hartree-Fock reference determinant has a coefficient of 0.95 in the full
CI expansion with all other coefficients very small, a quasidegenerate
problem usually has two or more configurations with comparatively large
coefficients, which might recommend a multireference approach. However,
the infinite-order CCD model relative to only a single reference function
has been shown to often describe even highly degenerate problems re]iab]y.(]z)
Consequently, to assess the stability of the CCSD model for guasidegenerate cases,
a problem involving the insertion of Be into an H2 molecule has been considered.

Be is well-known for the quasidegeneracy between the 2s and 2p
orbital that causes the 1522p2 configuration to be important in the CI
expansion. The degree of importance of the 1522p2 configuration is very
much a function of the choice of molecular orbitals with MCSCF orbitals
weighting it heavily, but even with SCF orbitals from a large basis set, the
coefficient s still about 0.1§20)Also, as the H2 bond is broken, the
lo 2 and ]ouz configurations become equally important. In addition, to

9
these elements, as Be is inserted perpendicularly (sz) into H2’ there is
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a promotion from Be(252) to Be(2p2) near the critical geometry, causing

; 2 5.2 5.2
the principal configuration for BeH, to change from 1a1 Za] 3a] to
1a§ 2a§ 1b§. Since in a single reference model, one of these configurations

must be treated in the complementary space, such quasidegeneracy effects
should severely tax the ability of a single reference model to describe
this insertion reaction. Also, both RHF functions are unstable since a
lower UHF solution exists. Just as in full CI, however, even a poor choice
of single reference function might be used to generate the configurations,
but the proper weight factors would be obtained via the diagonalization step
CCSD potentially has the same flexibility, although one must distinguish
between a method containing the correct solution and the practical problem
of extracting that solution numerically. In all applications reported
here the reduced linear ecuation method and Padé approximants(13) are used
to obtain the solutions.

The basis set for BeH, is given in Table 6, and we present the
SCF, fg]l CI, CCSD and various Tower order MBPT results in Table 7.

The geometry, Be(0., 0., 3.0 a.u.) and H(0. + 1.16 a.u., 0.), is near the

point of crossover when the principal configuration 1a§ 2a§ 3a$ would be
superseded by 1a$ 2a$ 1b§. The full CI coefficientS using SCF orbitals

2 2

obtained from 1a] 2a$ 1b2 at this geometry are 0.823 and -~.294 , respectively.

When Be is moved to 2.75 a.u. from Hz,the respective coefficients change
to -.560 and 0.724.

Despite the large amount of potential degeneracy in this system
the ayreement between the single reference CCSD model and the full CI is
exceptional. Unlike the example of H,0 where fourth-order perturbation

theory (SDTQ-MBPT(4) is only 0.6 kcal/mole higher than the fuil CI, and
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the other fourth-order approximations are in the vicinity of 2 kcal/mole

of the full CI, the error is 6-7 kcal/mole for fourth-order approximations

for BeH2.
An even more extreme text example is to choose to use the less important
1a$ 2a$ 1b§ configuration as the reference determinant. Its coefficient

of 0.294 corresponds to a weight of less than 10% of the full CI wavefunction.
These results are listed in Table 8. Notice that the SCF result is much
higher and, in fact, seems to be approximating the second root of the

full CI. The perturbation approximations tend to cluster in the vicinity

of the second eigenvalue although thev do go below the correct answer,
assuming some kind of average value between the two eigenvalues. However, ’
the CCSD model appears to overcome the comparatively poor starting point

to a large degree, getting within 5.3 kcal/mole of the full CI. This occurs
despite the enormous weight of the 1a$ Za; 3a$ configuration (2.16 intermediately
normalized) in the CCSD wavefunction. BeH2 has an approximately separated

pair structure and the basis set is small, but this example still illustrates

the large degree of flexibility inherent in the CCSD model. Combining CCSD's
stability, with its efficiency, size-extensivity, and its equivalence to

the full CI for the chemically pertinent problem of a group of separated

electron pairs, appears to make CCSD a very attractive model for

numerous applications.
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The CI Eigenvalue Problem in Energy Independent Form

Consider the problem of finding an eigenvalue satisfying

| (B-E1)G =0 (A-1)

where H is a symmetric matrix and § is the eigenvector corresponding to the
energy eigenvalue E. One technique for solving secular equations is the
partitioning method. Here we partition equation (A-T1) and renormalize it

so that




which we use in (A-4) to get
ar@-Hhle=(aglly =0 . (A-6)

Equation (A-6) is independent of E and equivalent to equation (A-2).
The energy corresponding to the E which satisfies (A-6) is given by (A-5).
The quadratic dependence manifest in (A-6) is different from that present
in the coupled cluster equation, since in (A-6) there is a scalar product,
while in the coupled cluster equations a true tensor product, tx t
appears.

Equation (A-6) also has an additional interesting feature in that

the linearized coupled cluster method can be derived by deleting -(3,3_1)3

from (A-6).
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Table 1. CCSD equation satisfied by single excitation
coupled cluster coefficients t%
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TABLE 2.

CCSD equation satisfied by the double
excitation coefficient t?g

d

a ab
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DEFINITIONS OF QUANTITIES IN TABLE 2

TABLE 3.
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TABLE 4. A FORTRAN SUBROUTINE FOR PERFORMING

A SPARSE SCALAR PRODUCT
FUNCTION PAKPRD (A, LA, B, LB, N)

PAKPRD PERFORMS A PACKED SCALAR PRODUCT

40

30

50
20

10

BETWEEN VECTOR A AND VECTOR B

AN ARRAY OF NUMBERS WITH SKIP INDICES

THE LENGTH OF A

AN ARRAY OF NUMBERS WITH SKIP INDICES

THE LENGTH OF B

THE LENGTH OF A AND B IF THEY WERE UNPACKED

PAKPRD = 0.

IAN=0

I8=0

NA = O

NB = 0

IA=1A+1

NA = NA + (A(IA) .AND. 225)
IB=1IB+ 1

NB = NB + (B(IB) .AND. 255)

IF (NA-NB) 10, 20, 30
PAKPRD = PAKPRD + A (IA)*B(IB)
IF (NA .LT, N) GO TO 40

IF (NB .GT. N) CALL BOMB (NB)
IF (I8 .GT. LB) CALL BOMB (IB)
IF (IA .GT. LA) CALL BOMB (IA)
RETURN

IA=1A+1]

NA = NA + (A(IA) .AND. 255)

GO TO 50

END




TABLE 5.

COMPARISON OF MBPT/CCM RESULTS WITH FULL CI

H,0 IN 14 CGTO BASIS SET FROM SAXE, SCHAEFER

AND HANDY2
Model Configurations Correlation AE(FCI)
Energy Kcal/mole

SD-CI 361 -0.14018 4
SDTQ-CI i 17,678 -0.14777 0.
FULL CI 256,743 -0.14803 0.
D-MBPT(2) -0.13948 5.4
D-MBPT(3) -0.14087 4.5
D-MBPT(4) -0.14392 2.6
DQ-MBPT(4) -0.14476 2.1
SDQ-MBPT(4) -0.14565 1.5
SDTQ-MBPT(4)P -0.14704 0.6
cch -0.14544 1.6
CCD-Orbital -0.14622 1.3

Optimized '
CCD + ST(4) -0.14771 0.2
CCsD-1 or 2 -0.14655 0.9
CCsD -0.14624 1.2
CCSD + T(4) -0.14760

’ -

4 Reference (24).

b Reference (25).




TABLE 6. CONTRACTED GAUSSIAN BASIS USED FOR THE TEN
ORBITAL BeH, MODEL PROBLEM

Contraction
Exponent Coefficient
Be 1s 1267.07 .001940
190.356 .014786
43,2959 .071795
12.1442 .236348
i 3.80923 .471763
1.26847 .355183
1s' 5.693880 -0.028876

1.555630 -0.177565
0.171855 1.071630

1s" 0.057181 1.000
2p 5.693880 .004836 }
1.555630 . 144045
0.171855 .949692
H 1s 19.2406 .032828 :
2.8992 .231208
0.6534 .817238
1s' 0.17760 1.000
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TABLE 7. COMPARISON OF BeH, ENERGIES CALCULATED NEAR THE

TRANSITION STATE GEOMETRY BE(0., 0., 3. a.u.)
H(0.,+1.16a.u.,0.) REFERENCE CONFIGURATION a%a%a%*

Model Configurations  Total aE(FCI) {
l Energy kcal/mole !
; SCF 1 -15.53647  55.5 |
| FCI 1574 -15.62496 0.0
D-MBPT(2) ' -15.58485 25.2
D-MBPT(3) -15.60460 12.8
D-MBPT(4) -15.61437 6.6
SD-MBPT(4) -15.61485 6.3
DQ-MBPT(4) . =15.61331 7.3
SDQ-MBPT(4) -15.61378 7.0 1
CCSD-2 -15.62709 1.3
cCsD -15.62418 0.5
* CCSD expansion coefficient for a2 a bS = -0.24 *
using intermediate normalization. ?
|
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TABLE 8. COMPARISON OF BeH2 ENERGIES CALCULATED AT
Be (0.,0.3a.u.)H (0., + 1.16a.u., 0.) WITH
REFERENCE CONFIGURATION a%a%bg*
Model Configurations Total AE(FCI)
Energy kcal/mole
SCF 1 -15.47728 92.7
FCI Root 1 1574 -15.62496 0.0
FCI1 Root 2 1574 -15.53575 56.0
D-MBPT(2) -15.51987 65.9
D-MBPT(3) -15.53564 56.0
D-MBPT(4) -15.54422 50.7
SD-MBPT(4) -15.54495 50.2
DQ-MBPT(4) -15.54331 51.2
SDQ-MBPT(4) ~15.54404 50.8
CCSD -15.61645 5.3
2

* CCSD expansion coefficient for a

using intermediate normalization.

1a$a$ = 2.16
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